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ABSTRACT

Herbaria collections containing plants with disease symptoms are highly valuable, and they are often the only way to
investigate outbreaks and epidemics from the past as the number of viable isolates in culture collections is often limited.
Species belonging to the Colletotrichum acutatum complex infect a range of important crops. As members of the C. acutatum
complex are easily confused with other Colletotrichum species, molecular methods are central for the correct identification.
We performed molecular analyses on 21 herbaria specimens, displaying anthracnose symptoms, collected in Norway and
Denmark before the first confirmed findings of C. acutatum complex members in this region. Sequencing parts of the fungal
ITS regions showed that members of the species complex were present in 13 of the 21 specimens collected in different parts
of Norway and Denmark between 1948 and 1991, representing seven plant hosts (three cherry species, apple, raspberry and
rhododendron). This is the first time herbarium specimens have been used to study these pathogens under Nordic
conditions. Differences in the ITS sequences suggest the presence of different genotypes within the complex, indicating a
well-established population.
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INTRODUCTION

Biologists have for centuries stored dried plant material in
herbaria and thereby making valuable collections for the future.
Originally, herbaria were used for morphological investigations
but molecular methods have opened completely new possibil-

ities. PCR followed by sequencing is particularly popular (e.g.
Bruns, Fogel and Taylor 1990; O’Gorman et al. 2008; Brock, Döring
and Bidartondo 2009; Uematsu et al. 2012). Recently, Lavoie (2013)
showed in a comprehensive literature review that the number of
studies using herbaria is rapidly growing but only 5% of the hith-
erto published herbaria papers were studying plant pathogens.
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A very prominent example of the use of herbaria samples is the
identification of the causal agent of the Irish Potato Famine in
the 1840s as Phytophthora infestans haplotype Ia (Ristaino, Groves
and Parra 2001; May and Ristaino 2004). A follow-up study inves-
tigating potato samples from the Rothamsted archives showed
that haplotype Ia was still present in the UK 30 years after the
outbreak and that it was probably the only haplotype present
(Ristaino, Hu and Fitt 2013). Colletotrichum acutatum was first de-
scribed as a disease-causing organism on papaya, strawberry
and tomato in Australia (Simmonds 1965) and dried cultures
were deposited, but no type specimen was selected. Three years
later Simmonds designated a holotype and six paratypes from
three different hosts (Carica papaya, Capsicum frutescens and Del-
phinium ajacis; Simmonds 1968). The type specimens were se-
lected by Simmonds to represent the variability of C. acutatum,
but the selection of seven types from different hosts might have
been the beginning of the broad species concept of C. acutatum
(Than et al. 2008). Colletotrichum acutatum has since the first de-
scription been recorded worldwide (Peres et al. 2005; Damm et al.
2012). As seen for a number of species within the Colletotrichum
genus, the species definition of C. acutatum is very broad, and it
should therefore be regarded a species complex (also referred to
as C. acutatum sensu lato; Sutton 1992; Du et al. 2005; Damm et al.
2012). However, the broad species definition has made the cor-
rect identification of members of the C. acutatum species com-
plex difficult as they have overlapping morphological charac-
teristics, overlapping host range and cause similar symptoms
as other Colletotrichum species, (Freeman, Shabi and Katan 2000;
Cannon, Buddie and Bridge 2008; Damm et al. 2012). The identi-
fication of the bitter rot pathogen on cherry in Norway is an ex-
ample of this confusion as the pathogenwas first identified as C.
gloeosporioides (Børve and Stensvand 2004). However, PCR-based
methods later showed that the disease-causing fungus was in
fact a member of the C. acutatum species complex (Stensvand
et al. 2006).

As a consequence of the lack of morphological charac-
ters suitable for identification, characterization of populations
within the C. acutatum species complex has often been based
on molecular methods (e.g. Johnston and Jones 1997; Lardner
et al. 1999; Sreenivasaprasad and Talhinhas 2005). Themolecular
groups (A1–A8) made on the basis of internal transcribed spacer
(ITS) sequences by Sreenivasaprasad and Talhinhas (2005) have
gained broad acceptance and more recently, Damm et al. (2012 )
proposed a complete revision of the C. acutatum complex with a
split into 31 species based on bothmorphological andmolecular
data. In Damm’s revision, C. acutatum (sensu stricto) only covers
isolates referred to group A5 by Sreenivasaprasad and Talhin-
has (2005). Damm et al. (2012) used 331 fungal strains for their
investigation including a number of strains originally isolated
in Northern Europe and some of them were collected in the
first part of the 20th century. However, members of the C. acu-
tatum species complex were first identified as plant pathogens
in the Nordic countries in the late 1990s and only a very limited
number of isolates collected before this period can be found in
culture collections (Damm et al. 2012). However, the Norwegian
Institute for Agricultural and Environmental Research and the
University of Copenhagen in Denmark house herbaria collec-
tions of infected plants. The aim of the present study was there-
fore to investigate whether members of the C. acutatum species
complex were present in herbarium specimens with anthrac-
nose symptoms, thereby confirming the presence or absence of
members of this complex in Norway and Denmark long before
the first official reports.

MATERIALS AND METHODS
Plant material

The herbaria specimens used in this study were from the plant
pathogenic herbaria at the Norwegian Institute for Agricultural
and Environmental Research and Copenhagen University. These
two collections were searched for specimens collected in North-
ern Europe clearly displaying symptoms characteristic formem-
bers of the C. acutatum species complex (Fig. 1). In total, 21 spec-
imens collected during 1948–91 and representing nine differ-
ent plant species were selected from the herbaria in Norway
and Denmark for further examination (Table 1). The disease-
causing pathogens of the specimens were originally recorded as
Gloeosporium rhododendri, Glomerella cingulata, C. gloeosporioides or
Colletotrichum sp.

DNA extraction

All experiments were carried out in laboratories with no history
of work with members of the C. acutatum species complex and
with new pipettes, kits and reagents in order to avoid contam-
ination during DNA extraction, PCR amplification and ligation.
Furthermore, filter tips were used throughout the experiments.

A lesion was exited from each herbarium specimen and
ground to a fine powder under liquid nitrogen using a mor-
tar and pestle. DNA extractions were carried out according to
a protocol from Doyle and Doyle (1987), but with modifica-
tions. Approximately 20 mg ground tissue was added to 720
μl CTAB extraction buffer (2% hexadecyltrimethylammonium-
bromide (CTAB), 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl
(pH = 8) and 0.2%mercaptoethanol). Samples were incubated at
60◦C for 30 min. with gentle mixing every 10 min. This solution
was extracted oncewith phenol/chloroform (1:1) followed by one
extraction with chloroform/isoamylalcohol (1:24). Finally, DNA
was precipitated with isopropanol, and pellets were washed
with washing buffer (76% ethanol and 10 mM ammoniumac-
etate). DNAwas resuspended in 50μl TE buffer and visualized on
an ethidium bromide-stained 0.8% agarose gel run in TBE buffer.

PCR, sequencing and bioinformatics

PCR mixtures contained 1× Taq PCR standard buffer including
1.5 mMMgCl2 (Ampliqon, Odense, Denmark), 0.15 mM dNTP, 0.5
μMof each forward and reverse primer and 2.5 U Taq polymerase
(Ampliqon). To each reaction, 0.5 or 1 μl of either undiluted or
10× diluted genomic DNA was added. The PCR reactions were
made in a total volume of 20 μl, and the PCR amplification was
performed using a Mastercycler Personal (Eppendorf, Hamburg,
Germany). An initial denaturation at 95◦C for 5minwas followed
by incubation at 35 cycles of denaturation at 95◦C for 30 s, an-
nealing at 60◦C for 30 s and extension at 72◦C for 30 s. The PCR
was completed with a final extension step at 72◦C for 5 min. The
PCR products were visualized on an ethidium bromide-stained
1.5% agarose gel run in TBE buffer.

PCR amplification was carried out using the primers acut1
and col2 (Martinez-Culebras et al. 2003) specifically targeting
members of the C. acutatum species complex. In caseswhere this
primer set did not amplify a PCR product, the primers FITS-Fw1
and FITS-R1 (Louarn et al. 2013) were used. These primers were
designed to specifically amplify the ITS2 region of the ribosomal
DNA in ascomycetes. Cloning and sequencingwas carried out as
described by Sundelin, Collinge and Lübeck (2009), and the DNA
sequences of acut1/col2 amplified PCR products were deposited
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Figure 1. Pictures of selected herbarium specimens where fungi within the C. acutatum species complex were detected in this study. (A) Prunus cerasus specimen N7,
(B) Malus domestica specimen N76, (C) Rhododendron sp. specimen DK1 and (D) Rubus sp. specimen N109.

in GenBank. GenBank (www.ncbi.nlm.nih.gov) and the UNITE
database (Nilsson et al. 2014; http://unite.ut.ee) were searched
using BLAST to identify the organism of origin of the resulting
ITS sequences. Sequences that turned out to be members of the
C. actuatum complex were aligned with selected sequences from
the complex representing each of the groups A1–A8 (Sreenivas-
aprasad and Talhinhas 2005) using ClustalW incorporated in the
CLC Main Workbench software (version 6.5). DNA from herbaria
specimens that tested positive forC. acutatum complexmembers
was also used in PCR reactions using the primer sets TBCA/TB5
targeting the β-tubulin (tub2) gene (Talhinhas et al. 2002, 2005),
GDF1/GDR1 targeting a 200-bp intron in the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene (Guerber et al. 2003),
CHS-354R/CHS-79F targeting the chitin synthase 1 gene (Car-
bone and Kohn 1999), ACT-512F/ACT-783R targeting the actin
gene (Carbone and Kohn 1999) and CYLH3F/CYLH3R targeting
the histone 3 gene (Crous et al. 2004). These primer sets were se-
lected as they were used for species identification in Damm et al.
(2012).

RESULTS

DNA isolated from the herbaria specimens was very fragmented
as it appeared as a smear with a size below 500 bp on the gel,
and there was no correlation between the age of the herbarium

specimen and the level of fragmentation of the extracted DNA.
In 14 out of the 21 samples, the PCR products amplified with
either the acut1/col2 or the FITS-Fw1/FITS-R1 primers, origi-
nated from fungi being able to cause the symptoms displayed
on herbarium specimens (Table 1). Colletotrichum acutatum com-
plex members were found in 13 samples, in which 10 were iden-
tified by the acut1/col2 primers and 3 by the FITS-Fw1/FITS-
R1 primers. The host plants of these specimens were sweet
cherry (Prunus avium), sour cherry (P. cerasus), hybrid cherry
(P. effusa), apple (Malus domestica), raspberry (Rubus ideaus) and
rhododendron (Rhododendron sp.). In one of these samples (N109,
Rubus sp.), Didymella applanata was also present, and this fun-
gus may also have been responsible for the displayed symp-
toms. The specimen DK3 (beech, Fagus sylvatica) was the only
specimenwhere a possible disease-causing organism, the beech
anthracnose pathogen Apiognomonia errabunda, was found with-
out the presence of C. acutatum species complex members. The
PCR reactions using the other primers than acut1/col2 or FITS-
Fw1/FITS-R1 did not amplify a product for any of the herbarium
specimens.

The PCR fragments amplified with the primers acut1/col2
were 270 bp long, and the BLAST search in GenBank and
the UNITE database revealed that these primers only ampli-
fied DNA from members of the C. acutatum complex. The se-
quences of the acut1/col2 amplified products were deposited in
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GenBank under the accession numbers JQ775540–JQ775549. The
PCR products amplified using FITS-Fw1/FITS-R1 were approxi-
mately 160 bp long, and these sequences are included in Table S1
(Supporting Information). In addition tomembers of theC. acuta-
tum complex, a number of saprotrophic fungi were identified in
the samples amplified with the fungal primers FITS-Fw1/FITS-
R1 (Table 1).

The alignment of the sequences from theherbaria specimens
(Supporting Information, Fig. S1) showed that they were highly
similar, both mutually and with the sequences retrieved from
GenBank. Two herbaria specimens (N6 and N7) proved to con-
tain two different genotypes each named N6-1, N6-2, N7-1 and
N7-2, respectively (Supporting Information, Fig. S1). The geno-
types N6-1 and N6-2 differed in one nucleotide, whereas N7-1
and N7-2 differed in four nucleotides. None of the herbaria spec-
imens could uniquely be ascribed to one of the species described
in Damm et al. (2012) using GenBank or the UNITE database
searches or to a specific phylogenetic group A1–A8 described by
Sreenivasaprasad and Talhinhas (2005).

DISCUSSION

For the first time, the presence of members of the C. acutatum
species complex has been shown in old herbarium collections,
collected in the Nordic countries, adding a new historical an-
gle to the study of this fungus. Herbaria are valuable scientific
collections, and the molecular methods used here and in other
studies (Ristaino, Hu and Fitt 2013) could not have been foreseen
at the time of collections. These herbarium specimens are snap-
shots and are a rich and unique source of information with sig-
nificance to studies of e.g. molecular phylogenetics, fungal bio-
diversity or fungicide resistance.

Weused PCR to examine samples collected from1948 to 1991,
and proved that the pathogen was present in Norway in 1948
and in Denmark in 1988. Investigations of the distribution of
isolates within the C. acutatum species complex were primarily
initiated in Europe after serious outbreaks of strawberry black
spot in the 1990s, and the Nordic countries were no exception
(Stensvand et al. 2001; Sundelin et al. 2005). At that time it was
believed to be a newly introduced pathogen but with the results
presented here, this does not seem to be the case. This therefore
leads to the implication that the introduction either happened
earlier or that the complex is in fact indigenous to the Nordic
countries. The discovery of members of the C. acutatum species
complex on seven different plant hosts (three cherry species,
apple, raspberry and rhododendron), all displaying clear symp-
toms and being collected in different regions of Norway and in
Denmark could confirm the latter assumption. Several isolates
from the great revision of the C. acutatum species complex by
Damm et al. (2012) originated from plants in Northern Europe,
e.g. C. godetiae (from Clarkia hybrida, Denmark, 1943), C. kinghornii
(from Phormium tenax, UK, 1935) and C. salicis (from Solanum ly-
copersicum, Germany, 1914 and from Salix sp., UK, 1927). This also
points in the direction that members of the complex have a long
history in the Nordic countries. Furthermore, Damm et al. (2012)
have suggested that themorphological description of Phyllachora
amenti collected in Dovre, Norway by Rostrup (1891) was as an
early description of C. salicis, thereby making it very likely that
at least some members of the C. acutatum species complex are
native to the Nordic countries.

Even though some historical isolates of the C. acutatum
species complex are stored in culture collections, the herbaria

investigated in the present study have allowed us to make the
most comprehensive investigation of historical samples from
the Nordic countries to date. Although the obtained C. acuta-
tum complex member sequences were highly similar, different
genotypes seemed to occur (alignment of the sequences is pre-
sented in Fig. S1, Supporting Information). However, because of
the small size of the PCR products, and the fact that we were
only able to amplify parts of the ribosomal ITS region, we were
not able to place them in the new phylogeny made by Damm
et al. (2012). Thus, the results from the UNITE database search
showed that several of the isolates could be both C. godetiae and
C. fioriniae, whereas others could be C. lupini, C. tamarilloi or C.
sloanei (data not shown). Basically, the ITS region can be used to
distinguish species complexes within the genus Colletotrichum,
while more genes are needed to identify single species within
the complexes (Hyde et al. 2014).

Previous investigations in Norway revealed the teleomorph
of one of the C. acutatum species complex members on natu-
rally infected highbush blueberry fruits (Talgø et al. 2007) and in
culture from isolates originally infecting apple and other hosts
(Stensvand et al. 2008), suggesting that the genetic diversity
within the populations in Norway could be due to sexual repro-
duction. The genetic diversity of C. acutatum species complex
members within the UK has been linked to multiple introduc-
tions (Calleja et al. 2013), but with our results in mind, the pres-
ence of a long existing population on various host plants and the
possible sexual recombination could also explain the diversity.

The extracted DNA in this study was highly degraded, which
is common when working with herbarium specimens (Bruns,
Fogel and Taylor 1990; Lambertini et al. 2008). However, our data
clearly show the importance of using different PCR primer sets
amplifying fragments of different lengths in studies of samples
with limitedDNA. The successful primer sets used in the present
study represents a targeted (acut/col2) and a broader, unbiased
approach (FITS-Fw1/FITS-R1). The ITS region has recently been
proposed as the universal genetic barcode for fungi (Schoch et al.
2012), and the region is present in a large number of copies per
cell (Vilgalys and Gonzalez 1990). Thus, small fragments of this
region are an appealing target for sequencing samples with low
amounts of DNA.

In conclusion, the data we are presenting dates back the first
record of C. acutatum complex members in the Nordic coun-
tries with more than 50 years, and it is the most comprehen-
sive study of historical samples of this fungus to date. Since C.
acutatum complex members were identified on seven different
host species and in different parts of Norway and in Denmark it
could be speculated that they are in fact indigenous to this part
of the world or they could have been introduced much earlier
than previously believed.
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