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Summary

Armillaria species have a global distribution and play variable ecological roles, including causing root disease of diverse forest, ornamental
and horticultural trees. Accurate identification of Armillaria species is critical to understand their distribution and ecological roles. This
work focused on characterizing an unidentified Armillaria isolate from a Serbian forest using pairing, sequencing of the partial large sub-
unit and intergenic spacer-1 regions of rDNA (LSU-IGS1) and the translation elongation factor-1 alpha gene (tef-1) genes, and phylogenetic
analyses. Despite previously obtained LSU-IGS1 RFLP patterns that matched the newly described North American Armillaria altimontana,
pairing tests and phylogenetic analyses of LSU-IGS1 and tef-1a sequences clearly demonstrate that the unidentified isolate is not A. altimon-
tana. Based on LSU-1GS1, Armillaria gallica isolates were polyphyletic, and the Serbian isolate clustered with a subset of European A. galli-
ca isolates within a well-supported clade (99%). Based on tef-1¢, the Serbian isolate appeared as a separate, well-supported clade (97%)
that was basal to other poorly resolved, polyphyletic clades containing European A. gallica isolates. It is speculated that the unidentified
Armillaria isolate from Serbia could represent an evolutionary ancestral state because of its separate, basal position compared with other
clades comprising polyphyletic European A. gallica isolates. Alternatively, this unidentified Serbian isolate could represent an unusual
hybrid because of its high-level sequence heterogeneity, represented by multiple two-nucleotide codes, within tef-1¢. Further characteriza-
tion is needed to confirm the taxonomic status and ecological/evolutionary significance of this unique, unknown Armillaria isolate from
Serbia.

1 Introduction

Armillaria species cause root disease on a wide range of woody plant species throughout the world. Before the late
1970s, Armillaria species were identified on the basis of morphology, but Armillaria mellea (Vahl.) P. Kumm. s.l., which
produced annulate basidiomata, was widely considered as one pleiomorphic species that was pathogenic on diverse
woody plants in Europe and North America (Volk and Burdsall 1995). In European forest ecosystems, Armillaria bore-
alis Marxmiiller and Korhonen, Armillaria cepistipes Velen., A. gallica Marxmiller and Romagn., A. mellea, Armillaria os-
toyae Romagn. (=Armillaria solidipes Peck; Burdsall and Volk 2008; pending a vote to conserve A. ostoyae; Redhead
etal. 2011) and Armillaria socialis (DC.) Fayod [=Armillaria tabescens (Scop.) Emel, Emel.] have wide distributions
(Volk and Burdsall 1995). The European Armillaria spp., except for A. borealis, also occur in North America, whereas
A. gemina Bérubé and Dessur,, A. calvescens Bérubé and Dessur, A. habsnona Volk and Burdsall and A. altimontana Bra-
zee, B. Ortiz, Banik and D.L. Lindner sp. nov. (=NABS X) also occur in North America, but not Europe (Volk and Burd-
sall 1995).

Identification of Armillaria species is based on morphology or interfertility tests (Volk and Burdsall 1995) and genetic
analysis of partial large subunit (LSU) and intergenic spacer-1 (IGS1) regions of rDNA (hereafter referred to as LSU-IGS1)
(Harrington and Wingfield 1995). Subsequently, LSU-IGS1 RFLP patterns have frequently been used as an effective and
expeditious method to identify many Armillaria species (e.g. Kim et al. 2000; Keca et al. 2006). Recent studies demonstrate
that sequences of the translation elongation factor-1 alpha gene (tef-1a) are also useful in discriminating northern hemi-
sphere Armillaria species (Maphosa et al. 2006; Antonin et al. 2009; Hasegawa et al. 2010; Brazee et al. 2011; Mulholland
et al. 2012; Ross-Davis et al. 2012; Tsykun et al. 2013).

During molecular identification of Armillaria isolates from Serbia (Keca et al. 2006), two isolates (Qp F FG and Qp I Fgor)
showed a LSU-IGS1 RFLP pattern that was uncommon for European Armillaria species. Because this RFLP pattern was sim-
ilar to that observed for A. altimontana, which is not known to occur in Europe, the isolates remained unidentified at the
species level (Keca et al. 2006). Only one (Qp F FG) of these unidentified isolates has remained viable in culture to allow
continued analysis.

The objectives of this study were to (i) determine whether the unidentified Armillaria isolate from Serbia belongs to the
species recently described as A. altimontana from North America based on pairing tests and phylogenetic analyses of LSU-
IGS1 and tef-10. gene sequences and (ii) further characterize the unidentified Armillaria isolate from Serbia by determining
phylogenetic relationships among the unidentified Serbian isolate and selected other Armillaria spp. based on LSU-IGS1
and tef-1a gene sequences.
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2 Materials and methods

2.1 Fungal isolates

The unidentified diploid isolate of Armillaria from the Fruska Gora National Park (N 45.119752, E 19.78667), Qp F FG
(archived in the NFLI, As, Norway and the USDA Forest Service-RMRS, Forestry Science Laboratory, Moscow, Idaho, USA; a
living subculture is available upon request) was maintained on 2% w/v malt extract agar (MEA) (Merck, Darmstadt,
Germany) at 20-23°C in the dark. Six other A. gallica isolates, which were used in a preliminary pairing test with the
Serbian isolate Qp F FG, were also used for sequencing and phylogenetic analyses to supplement available data on GenBank
(Table 1).

2.2 Pairing tests

Basidiospore-derived (presumed haploid) cultures of A. altimontana (Table 1) were used for haploid—diploid pairings with
the unidentified isolate (presumed diploid) from Serbia. Discs ca. 5 mm diameter were excised from each basidiospore-
derived culture and unidentified isolate, and individual pairings were conducted by placing inoculum discs 2 mm apart on
fresh 2% w/v MEA in Petri dishes. Compatibility was assessed on the basis of the Buller phenomena (Harrington et al.
1992; Korhonen 1978) at periodic intervals up to 6-week incubation at 20-23°C in dark conditions. The unidentified iso-
late from Serbia was paired with four single-basidiospore-derived testers (representing the four mating types) derived from
each of three A. altimontana genets (represented by 837, D82 and C2; Table 1). Four pairings were prepared per Petri dish,
with three replications, giving of total 144 pairings.

2.3 PCR and DNA sequencing

[solates were grown on cellophane membranes overlaying 1.5% MEA at 20-23°C for 4 weeks (Table 1). DNA was extracted
from ca. 150 mg of fresh mycelium scraped from the cellophane membrane using NucleoSpin Plant Kits (Mecherey-Nagel
GmbH & Co., Duren, Germany), following the protocol of the manufacturer.

PCR amplification of the LSU-IGS1 region of nuclear ribosomal DNA of Armillaria isolates was conducted with the LR12R
and O-1 primers, as described by Keca et al. (2006). A negative control was included in each set of reactions. PCR products
of LSU-IGS1 were separated by electrophoresis on 1.5% agarose gels.

Amplification of the tef-1o. gene was performed with primers 983F and 2218R, and sequencing was performed with
primers ARMEF-F3A, ARMEF-R; ARMEF-FI2 and ARMEF-RI2, which were used previously with Armillaria spp. (Ross-Davis
et al. 2012). The PCR product was purified with a Qiagen Purification Kit (Qiagen Ltd, Valencia, CA, USA) following the
manufacturer’s protocol. Direct sequencing of the PCR products was carried out using a MegaBACE 1000 capillary-base
sequencer. Any sequence heterogeneity was incorporated into the edited sequences, which were deciphered into separate
sequences when possible (Kim et al. 2006). IUPAC nucleotide ambiguity codes were assigned to SNPs within heterogeneous
sequences that could not be deciphered. In the case of tef-10, which is considered a single-copy gene (Baumgartner et al.
2010), nucleotide ambiguity codes likely reflect two different haploid sequences within the diploid organism, rather than
true ambiguity.

Comparison of LSU-IGS1 and tef-1o. sequences with the NCBI database (update February 2013) was performed with
Blastn version 2.2.26. Multiple alignment of sequences was performed according to Keca et al. (2006). Nucleotide ambiguity
codes were not treated as additional characters for phylogenetic analyses. For example, ‘Y’ was treated as a perfect match
for a ‘C’ or a ‘T" in the same sequence position.

Table 1. List of Armillaria isolates used in pairing tests.

Armillaria species Isolate Fungal source Host/Substrate Location, Country
unidentified Qp F FG Diploid Quercus petraea Fruska Gora, Serbia
altimontana 837 Diploid Abies grandis Elk River, ID, USA
altimontana 837-1 single spore (SS) Elk River, ID, USA
altimontana 837-3 SS Elk River, ID, USA
altimontana 837-8 SS Elk River, ID, USA
altimontana 837-15 SS Elk River, ID, USA
altimontana D82 Diploid detritus Coeur d’Alene, ID, USA
altimontana D82-33 SS Coeur d’Alene, ID, USA
altimontana D82-35 SS Coeur d’Alene, ID, USA
altimontana D82-84 SS Coeur d’Alene, ID, USA
altimontana D82-102 SS Coeur d’Alene, ID, USA
altimontana Cc2 Diploid Abies grandis Deary, ID, USA
altimontana C2-2 SS Deary, ID, USA
altimontana C14-8 SS Deary, ID, USA
altimontana C14-12 SS Deary, ID, USA
altimontana Cl6-4 SS Deary, ID, USA
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2.4 Phylogenetic analysis

New and existing sequences from GenBank of LSU-IGS1 and tef-1o representing A. altimontana, Armillaria cepistipes, A. gal-
lica, A. ostoyae and the unidentified Armillaria isolate from Serbia (Qp F FG) were used for phylogenetic analyses (Table 2,
Figs 1 and 2). Although LSU-IGS1 sequences from three pairs of A. cepistipes isolates contained matching sequences, (i)
HQ232280 (Tsykun et al. 2013) and KJ414316; (ii) JF288731 (Mulholland et al. 2012) and KJ414317; (iii) J]N657419 and
KJ414317 (Table 2), only unique sequences were used for phylogenetic analyses. In addition, the other unidentified

Table 2. Labels, origin, country, reference and GenBank accession numbers of the Armillaria isolates used in this work.

Armillaria EU tester Fungal
species Isolate’ label isolates source Country TEF-10 LSU-1GS? Reference
sp. Qp I Fgor Dipl Serbia Unavailable at the time of =~ DQ115579 Keca et al.
tef-1a analysis (2006)
sp. Qp F FG Dipl Serbia KJ960232* JX459571
gallica 84-087/4 SS Miinchen, KJ200950 Not sequenced
(1997-879)° Germany
gallica 84-088/4 SS Dole, France KJ200951 KJ200945
(1997-880)
gallica 86-016/3 SS Miinchen, KJ200952 KJ200946
(1997-881) Germany
gallica 84-088/2 SS Dole, France KJ200953 KJ200947
(1997-882)
gallica 86-008/2 SS Iran KJ200954 KJ200948
(1997-883)
gallica 86-032/1 SS Montlugon, KJ200955 KJ200949
(1997-884) France
altimontana D82 Dipl ID, USA JF313118 J]X459569 Ross-Davis et al.
(2012)
altimontana C2 Dipl ID, USA ]X459570
altimontana POR100 Dipl 1D, USA JF313117 Ross-Davis et al.
(2012)
altimontana 837 Dipl ID, USA JF313120 ]X459568 Ross-Davis et al.
(2012)
gallica Y7C-S1 Dipl Ukraine JN657485 JN657431 Tsykun et al.
(2013)
gallica E5 E5 SS France JF746920 JF288737 Mulholland
et al. 2012;
gallica E6 E6 SS France JN657480 JN657426 Tsykun et al.
(2013)
gallica ST23 Dipl WI, USA JF313125 AY509173 Ross-Davis et al.
(2012)
gallica ST22 Dipl MI, USA JF313126 AY509172 Ross-Davis et al.
(2012)
gallica HY2a SS Ukraine JN657482 JN657428 Tsykun et al.
(2013)
cepistipes BRNM706814 Dipl Czech EU251395 EU257709 Antonin et al.
Republic (2009)
cepistipes SY1Ra Dipl UK JF746917 JF288720 Mulholland
et al. 2012;
cepistipes B2 B2 SS Finland HQ285902 KJ414319 HQ232280 Tsykun et al.
(1997-528) KJ414316 (2013)
cepistipes EB3 SS Finland JF746912 KJ414320 JF288731 Mulholland
(1997-529) KJ414317 et al. (2012)
cepistipes B5 B5 SS Italy JN657473 KJ414321 JN657419 Tsykun et al.
(1997-531) KJ414318 (2013)
ostoyae BRNM Dipl Czech EU251400 EU257711 Antonin et al.
706815 Republic (2009)
mellea D1 D1 SS France JN657491 JN657437 Tsykun et al.
(2013)
mellea HY3 SS Ukraine JN657493 JN657439 Tsykun et al.
(2013)

SS, Single spore.

Qp 1 Fgor and Qp F FG were from Keca et al. 2006. Qp I Fgor (isolate 74) and Qp F FG (isolate 79).

“Translation elongation factor 1 alpha (TEF-10).

3partial large subunit and intergenic spacer-1 regions (LSU-IGS1).

*Accession numbers in bold are generated in this study.

®European tester isolates are from K. Korhonen labelled with his stock number at METLA (in brackets, the isolate numbers at Norwegian
Forest and Landscape Institute) and a short name often used from J.-]. Guillaumin labelled with the stock number at his laboratory.
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Fig. 1. Phylogenetic tree based on the parsimony analysis of 24 unique nucleotide sequences of the partial large subunit and intergenic
spacer-1 regions (LSU-IGS1) representing 27 Armillaria isolates. Branch lengths (horizontals) are proportional to phylogenetic distance.
Values of percentages for bootstrap (1000 replications) are given next to the branches. Number of sites used in the analysis = 724.

Armillaria isolate from Serbia (Qp I Fgor) was included for phylogenetic analysis of LSU-IGS1 region only (Fig. 1), but this
isolate was no longer available for tef-1a sequencing. Armillaria mellea sequences (Table 2) were used as the outgroups for
LSU-IGS1 and tef-1o analyses. Phylogenetic analyses were performed using the method described by Keca et al. (2006)
using MEGA 5.

3 Results and discussion

Pairing of the isolate from Serbia with A. altimontana tester isolates was mainly negative for compatibility, with percent
negative reactions for the four testers of each genet as follows: 837-86%, D82-100% and C2-93% (Table 3).

Amplification of the LSU-IGS1 region produced amplicons of ca. 875-bp. Comparisons of LSU-IGS1 sequences of isolate
Qp F FG (GenBank Accession JX459571) with the NCBI database showed maximum identity of 98% (83% coverage) with
A. gallica (DQ469803), a partially characterized Armillaria sp. isolate from Bhutan (AY624359) and A. cepistipes (JF288721)
from the United Kingdom. Amplification of tef-1a for isolate Qp F FG produced a 1109-bp amplicon. Based on the GenBank
BLAST, this tef-1o. sequence showed 97% identity (45% coverage) with A. gallica (EU251388) from the Czech Republic,
96% identity (93% coverage) with A. altimontana from North America (reported as NABSX; JF313117) and 95% identity
(93% coverage) with A. gallica from North America (JF313123).

Parsimony analysis separated sequences of the LSU-IGS1 region, representing 24 unique sequences from 27 Armillaria
isolates, into eight clades based on 62-100% bootstrap support: (1) A. mellea (Europe); 2) A. ostoyae (Czech Republic); 3)
A. cepistipes (UK, Italy and Czech Republic); 4) A. cepistipes (Finland); 5) unknown Serbian isolates Qp F FG and Qp I Fgor
(no longer viable), along with three A. gallica isolates (Ukraine, Germany and France); 6) A. altimontana (USA); 7) two
A. gallica isolates (USA); and 8) a polyphyletic clade with poorly resolved subclades of A. gallica (France, Iran and Ukraine)
(Fig. 1). The phylogenetic structure of A. gallica-related isolates appeared complex and polyphyletic with multiple clades
that were poorly resolved. Unknown Serbian isolates Qp F FG and Qp I Fgor (no longer viable; DQ115579) (Table 2) clus-
tered with A. gallica from Ukraine (JN657428), Germany (tester isolate sequenced in this study; KJ200946) and France
(tester isolate sequenced in this study; KJ200949) that were separated from two different A. gallica clades comprising of
American A. gallica (clade 7) and the other European A. gallica isolates (clade 8). Thus, LSU-IGS-based phylogeny indicates
that the unidentified Serbian isolates share a phylogenetic relationship with three A. gallica isolates, but they are distinct
from all other isolates of A. gallica included in this study.

The LSU-IGS1 sequences proved moderately useful for separating some Armillaria isolates, but many relationships among
A. gallica-related isolates were not well resolved. Based on the LSU-IGS1 sequences, the unidentified isolate from Serbia
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Fig. 2. Phylogenetic tree based on the parsimony analysis of 24 unique nucleotide sequences of the partial translation elongation factor 1
alpha (tef-1o) representing 27 Armillaria isolates from the Northern Hemisphere. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap (1000) test is shown next to the branches. Number of sites used in the analysis = 327.

Table 3. Percentage of pairings rated as positive, negative or ambiguous based on the colony morphology for pairings between unidentified
Serbian isolates (diploid) and haploid tester strains representing three A. altimontana (North America) genets.

Armillaria altimontana Armillaria isolate from Serbia (Qp F FG) Positive (+)/negative (—)/ambiguous (?) (%)

837 Demarcation line
837/1 - = = = — = = = - = = — 0/86/14
837/3 - = = = - = = = - = = =
837/8 - = =7 2,707 - =27
837/15 - = = — - = = = - = = =
D82 Demarcation line
D82-33 - = = = - = = = - = = = 0/100/0
D82-35 — = = = — = = = - = = =
D82-84 - = = = - = = = - = = =
D82-10A - = = = - = = = - = = =
Cc2 Demarcation line
C2-2 - =+t - = =t - = = = 7/93/0
C14-8- — = = = — = = = - = = —
C14-12 - = = = - = = = - = = =
Cl6-4 - = = = - = = = - = = =
Total 144 pairings

appeared phylogenetically related to A. gallica from the Ukraine and tester A. gallica isolates from Germany and France, which
suggests that Serbian isolates Qp F FG and Qp I Fgor are related to a broad A. gallica superclade that may comprise multiple
cryptic species (Kim et al. 2012; Klopfenstein et al. 2013). The LSU-IGS-based analysis also showed that Serbian isolates Qp F
FG and Qp I Fgor were distinct from A. altimontana, despite previous studies demonstrating that these unidentified Serbian
isolates produced the same RFLP pattern as A. altimontana (Keca et al. 2006). Armillaria altimontana is not reported from
Europe, and these studies show it to be quite distinct from other analysed European Armillaria spp. Thus, these results further
support the conclusion that identical LSU-IGS1 RFLP patterns do not always discriminate among Armillaria species. These
results also support studies by Kim et al. (2006), which concluded that LSU-IGS1 sequences were not reliable for distinguish-
ing closely related Armillaria species, such as A. calvescens, A. sinapina, A. gallica and A. cepistipes.
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Recently, tef-10. sequences have been used successfully for distinguishing closely related Armillaria species in Europe
(Mulholland et al. 2012; Tsykun et al. 2013) and North America (e.g. Brazee et al. 2011; Ross-Davis et al. 2012). In the
work reported here, tef-1o sequences were also effective in discriminating amongst closely related Armillaria spp. Phylog-
eny based on partial sequences of the tef-1o. gene comprised the analysed isolates into seven clades (61-100% bootstrap
support): 1) European A. mellea; 2) A. cepistipes (Finland, Italy, Czech Republic and UK); 3) A. ostoyae (Czech Republic); 4)
A. altimontana (USA); 5) North American A. gallica; 6) unidentified Serbian isolate Qp F FG; and 7) polyphyletic clade of
A. gallica from Europe and Iran. The tef-1a-based phylogeny provides strong support (97%) that Serbian Armillaria isolate
Qp F FG is distinct from other analysed Armillaria species while also providing support that A. gallica is polyphyletic and
may comprise multiple cryptic species as previously suggested (Kim et al. 2012; Klopfenstein et al. 2013). The distinct and
basal position of Serbian Armillaria isolate Qp F FG compared with the European A. gallica clade indicates that isolate Qp F
FG is perhaps evolutionarily ancestral to European A. gallica.

The analysed tef-10 sequence of tested isolate Qp F FG included 5 sites coded with nucleotide ambiguity code (Y) that
represents T and C. Because tef-1a is believed to be a single-copy gene (Baumgartner et al. 2010), the two-nucleotide codes
likely represent divergent haploid sequences within the diploid isolate. These ‘ambiguous’ nucleotides would tend to col-
lapse branches on both sides of the phylogenetic tree on which isolate Qp F FG resides. However, even with multiple two-
nucleotide codes within the Qp F FG sequence, the tef-1a-based phylogenetic analysis placed isolate Qp F FG into a strongly
supported monoclade, which is a strong evidence that this isolate is phylogenetically distinct from other Armillaria isolates
in the analysis. A more complete 1109-bp tef-1o. sequence of Qp F FG (GenBank Accession no. KJ]960232) possesses 27
nucleotide ambiguity codes (Y, R, M), which each represents two nucleotides. The relatively high number of SNPs within
tef-1o. sequences of isolate Qp F FG could indicate that this isolate is of an unusual hybrid origin. Thus, further character-
ization is needed to confirm the taxonomic status, ecological/evolutionary significance and invasive potential of this unique,
unknown Armillaria isolate from Serbia.

A preliminary compatibility test was previously performed with the Serbian isolate Qp F FG, unfortunately without a
positive control for A. gallica and A. cepistipes tester isolates. Positive compatibility was assessed between the unidentified
Serbian isolate and six tester isolates of A. gallica (Germany - 1997-879, 1997-881; France - 1997-880, 1997-880, 1997-
884; and Iran 1997-883) and three isolates of A. cepistipes (Finland - 1999-528/1 (B2), 1999-5282 (B3), Italy - 1999-531/1
(B5) (Table 2). This preliminary compatibility test produced mixed results with the unknown Serbian isolate Qp F FG
showing partial compatibility with A. gallica (47%) and A. cepistipes (7%) (data not presented). Such compatibility tests
can vary in reliability for species identification, depending on the isolates and conditions used. Nevertheless, the mixed
compatibility of Serbian isolate Qp F FG with A. gallica and A. cepistipes isolates provides another line of indirect support
that Qp F FG is perhaps distinct from at least some A. gallica and A. cepistipes isolates.

Because the unidentified Serbian isolate was derived from decayed wood of sessile oak [Quercus petraea (Matt.) Liebl.]
in coppice forest, this Armillaria species appears to have been behaving as a saprotroph, and it may spread to successive
host generations via infected stumps and root residue. The ecological evidence tentatively supports the hypothesis that the
unidentified isolate could represent a distinct genetic group within a broader A. gallica complex, and this isolate appears to
play an ecological role similar to A. gallica or A. cepistipes.

Basidiospores of the unidentified isolates are required to conduct mating tests against other tester isolates. Attempts to
produce basidiomata in vitro from the unknown Serbian isolate (Qp F FG) have thus far proved unsuccessful, although it is
possible that basidiomata may be found in the forests, or be produced on inoculated substrates under natural conditions.
Continued studies, more isolates and DNA sequence data from multiple regions are required to further characterize this
unidentified Armillaria isolate from Serbia.
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