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Phylogenetic analyses of DNA sequences reveal species
partitions amongst isolates of Armillaria from Africa

Martin P. A. COETZEE", Brenda D. WINGFIELD', Paulette BLOOMER® and Michael .J. WINGFIELD'

" Dgpariment of Genetics, Tree Protection Co-operarive Programne (TPCP), Fovestry and Agricelral Blorechnology
Trsrirate (FARS, University of Pretoria, Pretoria 002, South Africa.

* Depariment of Genetics, Moleewlar Ecology and Evelution Programme | MEEF), University of Preforia,

FPretoria 02, Sowth Afvica.

Exrmaail; brenda.wingfieldio fobi up.ac,co

Reepived 31 Soraary XM geoepted 17 duly 2005,

The hassdiomycete genus Armillariy casse raot rob and death to woody plants in boreal, temperate and tropical regions
of the world. Armillaria root rot has been deseribed from varions paree of Africa on many different hosts. Howewer, very
Inttle is Enovn regarding the evolutionary relationships amang Armiflaria specees in Afnea, The am of this study was 1o
determing the phylogenctic relationships between isolates orignating from different regions in Afmca using nDMNA
spquences from two pon-coding gene regkons, The ITS and the 1G5-1 regwons of the rbosomal DNA operon were
seuenced and analysed usng different phylogenetic tree scarching methods, Phylogenetse trees prouped the Afncan taxa
in w0 strongly supported clades. One of these represented 4. fiecipes and the other an undescribod but distinet specics.

INTRODUCTION

Arsmrillaria species {Basidiomyeora, Agaricales, Tricho-
forateceae) Cause rool rol on various pland species,
Cicnerally they do not show strong host specificity and
occur worldwide in natural forests and on planted
woody crops (Hood, Redfern & Kike 1991, Kile,
McDonald & Byler 1991, Termorshuizen 20015, The
impact of the disease s exacerbuted by the ability of
Armillarig species 1o survive gither as saprobes of necro-
trophs (Gregory, Rishbeth & Shaw 1991}, depending
on the availlable substrate in a particular miche. Conse-
quently, Armillaria rool rofb poses a significant problem
for forestry and agriculiural industrics worldwide and
the species warran i accurate identification

The manner in which species are delineated in fungi
depends heavily wpon the species concept that is
emploved { Tavler er al, 20000, Where emphasis is placed
on morphology {Regan 1926), specimens with similar
bazidiome lorm are considered the same species, When
the biological species concept (Mayr 1942) is applied,
species are viewed as a group ol organisms that are
sexually and reproductively isolated from those outside
the proup. A third perspective i3 provided by the
various specics delinitions embodied within the phylo-
pgenetic species concepl, One of these, the genealogical
concordance species concept, defines a specics as a

group of organisms with a shared, exclusive genea-
lpgical history (Baum & Shaw 1995), Dhispanties that
arise through the application of these different specics
concepis have led tooa lack of consensus regarding the
identification of African Armiliaria species.

MNumerous  taxonomic studies have been under-
taken on African Armillaris species (Mohammed,
Ciuillanmin & Berthelay  198%, Mohammed &
Guillaumm 1993, Mwenpe & Riude 1993, 1996, 1997,
Agustian f al, 1994, Mohammed e al. 1994, Abomao-
Mdonge & Guillavmin 97, Chillali ef af, 1997,
Cocteee ef al. 2000a). These have included specics
ientifications based on i vitre cultural characteristics,
basidiome morphology, biochemical properties, and
sexual or interspecific somatic neompatibility tess
Because  basidiomes are short-lived and  scldom
encountered in Armilloris species, especially those in
tropreal Afmica (Swift 1972}, basidiome morphology
has becn of mited use in mapping species in the con-
tinent, Taxonomie studies based on  mierspecific
somatic incompatibility tests, on the other hand, have
been more successiul,

In Armiliaria, interspecific somatic incompatibility
differs from intraspecific somatic incompatibility, as
epitomised by Rayner (1991). In the latter case, a clear
ome made up of sparse hyaline mveelium is produced
between incompatible strains (Korhonen 1978, Mallett.
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Hopkin & Blems 19889}, This interaction has been wsed
in population studics to determine the clonal diversity
of Armillaria species (e.g Korhonen 1978, Kile 1983,
Bizzo & Hammington 1993) In inlerspecihc somatic
incompatibility interactions, vegetative mycelium
produces a black-pigmented demarcation line between
mcompatible isclates, which reflect differend biological
speces (Korhonen 1978, Rishbeth 1982, Malletr &
Hiratsuka 1986, Mallett e of, 1989), This interaction
can, therefore, be used o distinguish between different
biological species. Sexual compatibility studics, based
on successiul diploidization of a haploid tester strain
from haploid or diploid strains, are not possible for
homaothallic taxa due to the absence of a haploid phase.
Consequently, imterspecihe somatic compatibibity tests
have been used to distinguish homothallic Armillaria
specwes  from Afrwa  (Guillaumin, Mohammed &
Abomo-Mdongo 1994, Abomo-MNdongo & Guillaumin
1987,

Results of interspecific somatic incompatibility tests
have suggested that Armillaria isolates lrom Africa can
be separated into at least four groups, referred to as
somatic meompatibility proups (81Gs) (Mohammed
et al, 1989, 1994, Abomo-Mdongo & Guillaumim 1997
CH these, 510G inclwdes isolates from Kenva, Tanzania
and Sdo Tome that represent the homothallic African
form of A. mellee, Tsolates considered to represent
A. kheimdi from East, Central, West and South Africa
have been designated as SIG T, Tsolates residing in STG
T originsted Trom Kenva, bul were not assigned o
a morphological species (Cuillaumin ey all 1994,
Mohammed ef of. 1994, Abomo-Mdonge & Guillaumin
1997}, One solpte from Kenya was incompatible with
all other solates and placed m SIG TV (Guillaumin
et al, 1994, Mohammed ef af, 1994},

Although isolates of Armillaria reforred o as
A. heimii have been consedered as belonging to the
same biological species (831G TT), they display con-
siderable variation, This vanation includes differences
in their mating systems {Abomo-Mdongo, Mohammed
& Cuillaumin 1997), myveelial-mat morphology, and
rhizomorph  characteristics (Mwenje & Ride 1993,
Mohammed e al. 1994), optimal growth temperatunes
(Mohammed & Guillaumin 1993, Mohammed er al
1994, ramdomly amplified polymorphic DNA (RAPD)
patterns (Mohammed 1994, Oueno, Pére: Sierma &
Termorshuizen 2003), isozyme electrophoresis profiles
(Apustion of al. 1994, Mwenje & Rude 1997, ITS and
IGS RELPS (Clhalkali er o, 1997, Coetzes ¢r al. 20003,
CHieno ef al. 2003) and mter-simple sequence repeat
(I55R)  polymorphisms (Dtienos o ol 2003
Collectively, these studies have shown that the isolates
can be differentiated into at keast three subgroups. In
the light of these findings, A hefmid 15 referred (o as
A. heinil 5. lar. as it possibly comprises several species
iMohammed & Guillaumin 1993,

In additton to A, hefmii and A, mellea, studics on the
taxonomy of African Armillaria species have included
A. fuscipes. This species was firsl reporied from 5o

5

Lanka on Acecie decwrrens (Petch 1909, Afler con-
sidering the micromorphology of A. fuscipes, Chandra
& Watling (1981 yauggestod that this taxon and A, Fedwmil
were conspecific, and Pegler (1986) subsequently syn-
omymised A hebnil with A, fuscipes, with the Latter being
the curlier named species. Pegler (1986) also suggested
that A. fuscipes had been introduced into Sri Lanka on
lea. After examining the type specimen of A, heimii,
Kile & Watling (1988) and Watling (1992) supported
the treatment of these faxa by Pegler (1986), These
authors, however, suggested that comspecificity of the
Pwo species should be verilied wzing cultural and inger-
fertility studies. Although the similarity in basidiome
morphology of A, kelwll and A, fiscipes provides a
strong case for therr synonymy, this has not been
generally accepted (Mohammed & Guillaumin, 1993,
Oteno ef al 2003, Pérer-Sierra er ol 2004),
MNotwithstanding the apparent preference for the name
A heimi in the literature, nomenclatorally and from
the perspective of the morphological species concept
there is mo reason 0o use this pame instead of A, fus-
cipes. Consequently, we use the latter name in this
study Tor isodates that have been treated as A, hefmil in
carlier publications.

As mentioned above, several studies have strongly
sugpested that A, heindd 5 lae. from Africa, e, A, fus-
cipes, compiises seweral distinet species. Two recent
studics (Coetzee e gl 2000, Mwenje e al. 2003)
confirmed this view, Phylogenetic analysis of 1GS-]
spquenss data showed that iselates of A, fuseipes rom
different African countrics reside o two strongly
resolved monophyletic groups, One of these groups
includes isolates from South Africa, Zimbabwe (Group
I of Mwenje & Ride 199%6) and La Reunion and the
other isplates from Zambia, Zimbabwe (Group [T and
I of Mwenge & Ride 1996) and Cameroon. These
studies have sugpested that the two groups represent ol
least fwo different species (Coctzee ef ol 2000,
blwenje ed af. 2003), Some of the isolates mchueded were,
however, previously shown to represent the same in-
terapecific somatic compatibility group and, therefore,
the same biological species, even though they belong to
different phylogenetic lineages, The possibility remains
that the groups recognised by Coctees ef ol {20000}
and Mwenje ef ol (2003 might reflect intraspecific
genetic varation within 4. fuscipes. Hence, the objec-
tive of this study was to re-evaluate the suggestion that
A. furcipes encompasses more than one species. This
objective was accomplished by extending the number of
solates considered previowsly (Coctzee o ol 2000,
Mwenje ef ol 2003} and conducting  phylogenctic
amalysiz of both TTE and 1G3=1 sequence data,

MATERIALS AND METHOIDNS
Frungal sirains

Armillaria isolates used in this study originated from
eight countries in sub-Saharan Afrca and o wide range
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Table 1. Armillaria isolates used m che simdy.

CienBank accession nos

Cubtare Altermative

it bt i ke Hossr Oigin [5%* s
CMWITIT A4 CRESS4S Firan effhort Houth Africa AFHI4R2 AYRENT]
LMW 740 BO7-5A, CBE*= P putuba Somth Africa AFI442 AYIENN)
CMWIl5E CAL, B935, CHEv e LUnknown Cameraom AFIAELG AYIZHED
O LR, BY3Y, CRE===* Felurgoninm aiperim La Reunicn AR AYAEXITS
CMWIITY M1, B932 Teciome grovds Lambia AF 04825 AYEEIIE]
CWALA455 Ak Camelite sirensls Zimbabae AFLA480 AYEEMES
AW A4 5 A | Hrewcliyaregia uriliy Limbabwe AF4048S AR
CMWIaTI® M1, CHE* e Widdringitonta whkyrer Klalawt AYEERSY ATEEMNTH
LMWAETY L E] [ndigenous shruh belalawi AN RETA) ANRE2ZTT
LT I3, CRipresds Arascaria cureingbom i Limnbabhae AFEEI481 AN IEHGT
CRW S T1, CHRE*=* Firan effhor Tamzania AYEEIG] AYREMTE
LMW A5 T2 Firus sav o s Tarzania AYHEFIG2 AYIENTY
ChW ARSI LR2, CHE""*"" Felurgeaninm asperum La Reumom A YREXGI AYIZHT]
ChREW SR WGILL CREve e F. patula Ethingin AYTTHIAL AYIEX6
LMW 344 WUIE, CRE e P patuli Ethiiopin AN I THE0 AYIEM6E
CMWTIE K51, B Cppress &p. kenya ATHEIIGS ATEENTI
CMWTIET Knj Camellia simansls F.enva AYHERIG AYIEXHT
ChWIoIs 55 ChErreee Awureiir aiticks Fhrnkube AFHEI483 ANYEEIEI
CRIW 10016 56, CRG e Newdania Srchumerdl Zimbabaz AFLEARY AYEEMEY
CMWI06S ] Framus perslea Limbaboe AFaEiqy2 ARG

' CMW nambers refer (o the collection mumbers in the fungal callure collection of the Tree Prodecion Co-operstive Programme {TPCP),

FABR] {Precorial.

b aliernative mumbens refer 1o cultuee pumbers wad for solates in previous publications.
= lzodates used in Mobammed ef qf. (P99, 1994, Abomo-Mdongo & Guallaunan (1997,

of hosts (Table 1). All isolates other than those from
South Afnca and Ethiopia were from the collections of
Caroling Mohammed (CSIRD, Forestry and Forestry
Products, Hobarth and Tom O, Harrington (Towa State
University, Ames). These cultures are preserved in the
collection (CMW) of the Forestry and Agricultural
Biotechnology Institute (FABIL), University of Pretoria.
Representative isolates have ako been deposited with
the Centraalburcay voor Schimmelculiures (CBS),
Utrecht.

Isolates that have been treated as 4. heimid and
placed in 510 1T Based on their basidiome morphology
i witre, phenotypic similarity and interspecific somatic
compatibility (Mohammed ef gl 1989, 1994, Abomo-
Mdonge & Guillawmin 1997} are indicated m Table 1,
The  isolates from Ethiopia (CMW3iS44 and
CMW3E4S6) and South Africa (CMW2TIT  and
CMW2740) were identified as 4. fiscipes based on
basidiome morphology and [GS-1 sequence  data
(Coctzee o al. X000, Gezahgne er al. 2004). The
Zimbabwean izolates were proviously characterised
bazed on therr morphologieal, biochemical and [GE-]
sequence data and Found to represent three groups:
Group [ (CMW4ET4 and CMWIN0165); Group 11
(CMW44535 and CMW4436); Group [T (CMW10115
and CMWIOIT6) (Mwenje & Ride 1995, Mwenje
er al. 2003). lsolates CMW4456 (from Group IT)
and CMW4IETS (from Group [) were shown o be
somatically  compatible with  isolates m SIG 11
(Mohammed of of 1989, 1994, Abomo-Mdongo &
Cutllaumin 19973,

DNA exeractimes

Isolates were grown i bguid MY (1.5% mall extract
and 0.2 % veast extract) medium for 4 wk in the dark at
24 °C, The myeehuom was harvested wsing a stramer,
Ivophilised and ground to a fine powder in liquid
nitrogen. Extraction buffer {1 ml, 100 mwm Trs-Cl
pH 8.4; 1.4 m NaCl; 25 mm EDTA pH 8; 2% CTAB,
hexadecyltrimethylammonium bromide) was added to
ca 1.5 g powdered mycclium and incubated at 807 for
2 h, The mycelium powder-buffer suspension was div-
ided into two parts and centrifuged (17900 g, 20 min)
10 precipitate cell debris. Tsoamy] akeokol: chloroform
(1:24 viv) extractions were performed on the agueous
phase until & clean interphase was obtained. Mucleic
acids were precipitated wsing %% ice-cold ethanol.
The precipitate was  collected by centrifugation
(17900 g, 3min), washed with cold 70% ethanol,
dricd  and  eluted in sterile distilled  water.
Contaminating BMA was removed by adding RMAze
A 001 mgzul "y (Roche, )

Amplification of the ITS and IGS-1 regions
of the rDN.A

The ITS! and TT32 regions between the 3" end of the
350U and the 5 end of the LEU rEMA gene as well as
the TGS-1 between the 3 end of the LSU and the 5 end
of the 585 gene were amplified vsing PCE. The ITS
regions were amplilied using primer pair TTS1 and TT54
(White et af. 1990}, Primer pair P<1 (Hsiau 1996} and

A3

A
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3828 (Coeteee ef ol 200080 were used o amplify the
[55-1 region for the Armillaris isolates, Feaction con-
ditions and the PCR resction mix were the same as
those previously described by Coeteee of 2l (2000b).
ITS and TGS-1 amplicons were visualised under ov
lumimation after electrophoresis on an agarose
(Promega, Madison, WT) gel (0L8%%) sfaincd with
ethidium bromade,

DNA sequencing

ITS and IGE-1 DMNA sequences were obained using an
ABI PRIZM automated sequencer. A (HAquick PCR
purilication kit (Chiagen, Hilden, Germany) was used oo
purily PCE products from unincorporated nucleotides,
excess primer and salts as well as primer dimers, prior
Lo sequencing. Sequence resclions were carmed oul
with the ABT Prism® BigDyeTM Terminator Cycle
Sequencing Ready Reaction Kit with AmphiTag®
DA Polymerase, FS {Perkin Elmer, Warrington, UK)
Tollewing the protocol soppled by the manulacturer,
DMA sequences for the ITS region were gencrated
using primers ITE] and TTS4 as well as internal primers
CS52B and CS53B (Coctace o al, 20013 The 1GS-1
region was sequenced using primers P-1, 55-2B and
internal primers MCPZ, MCP2E, MCP3, MOP3R,
F8-3MC and F5-4MOCE (Coetece er af, 20004},

Claning of He8-1 amplicens

[(G5-1 PCR products from isolates that gave poor
sequences were cloned into vector pCR®4.TOPO®
alter purification, as outlined above. Cloning reactions
were done using a TOPO TA Cloning® Kit for
Sequencing (Invitrogen Life Technologies. Carlsbad,
CA) with Ong Shot™ TOPI0 Chemically Competent
Excherichin coli cells following  the manufacturer’s
directions. The TGE-1 region was amplified dircctly
from transformied E. coli cells to venify positive inseris.
PCR mixtures included dMNTP: (250 ps cach), Tag
Polvmeraze (2.3 1 (Roche Diagnostics, Mannheim,
Germany), PCR buffer with MgCly (supplied by the
manufacturer), primers Pl and 58-2B (0.1 psi each),
brought to a final volume of 50 pl with water. PCR
conditions were as follows: | ovele ot 957 lor | mun
idenaturation), 35 cycles of 807 for 3Mbs (primer
annealing), 70 for 30 s {(elongation), and 95 ° for 30 &
(denaturation). A fnal elongation step was allowed at
0 for T min, PCR products were visualized under oy
lymination on a 1% agarose gel staned with ethidium
bromide. The TGS-1 insert from one clone that was
succesfully amplified from positively transformed cells
was sequenced for cach solate as described above.

Sequence and plylogenetic analyses
Phylogenetic  analvses were doné on  three data

matrices: (1) Armiliaria T3 including all African
isolates and bwo representative sequences Tor cach
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Armiflaria ap. available on GenBank {accession nime-
bers in Fig. 1) with A. mellea as outgroup; (2} African
Armillaria ITS including ITS sequences determined in
this study with 4. kineulea (AF394918 and AF3295907)
as outgroup taxon; and (3) Afvican Armillarie 10GS-1
mcluding sequences obtumed o this study and se-
quences available on GenBank from previous sfudies
{Table 1) An culgroup was nol avalable for rooting
phyvlogenetic trees generated from [0GS-1 sequence data
as o result of an inverted 35 gene that iz present only in
the African taxa (see Resulis). Alignment was done
psing Clustal X (Thompson ef af. 1997 and manually
corrected wsing BioEdit Sequence Alignment Editor
version 309 (Hall 1999, Tndels karger than two base
paurs in the African ITS and 1GS-1 data matrices were
coded wsing a multistate-character system (Coctiee
ef al. 21},

Parsimony analyses were conducted on the Alvican
ITS and IGS-1 dute matrices using PALUP* version 410
{Swofford 1998). Missing, parsimony uninformative
and ambiguously aligned regions were excluded from
the data seis before analvses. Gaps were treated as
a ifth characier, “newstate’, Parsimony Inges were
generated by heunstic searches with random addition
of sequences (100 replicates), TBR (troe bisection re-
connection} branch swapping and MULPARS active.
MaxTrees was set (o auto-increase after 100 trees were
penerated and branches collapsed iF negative branch
lengths were  olMained, Boolstrap  analysis (1000
replicates) using the same setlings az above bul with
A. hinmulea as reference taxon, and sequential addition
of sequences wos emploved 0 obtan confidence of
branch nodes (Felsenstein 1985) for trees gencrated
froim the African TS data matrix,

Phylogenetic trees based on distance methods were
generated for all data matrices using PALP*. Missing
data and ambiguously aligned or gapped regions were
excluded from the data sets prior o analysis, Trees
were oblamed wsing o neighbour-joinmg (MI) iree-
building algorithm (Saitou & Nei 1987) that incorpor-
ated o Kimura 2-parameter nucleotide substitution
micsdel {Kimura 1980}, Confidence values for branching
nodes were determined for the African TTS and
Armillaria ITS datascts using bootstrap analvsis {1000
replicates) with the same seitings as above,

Eelative nucleie  substitution rafe  heterogencily
among lineages based on ITS sequence data was
determined for the African taxa, A relative rote fest
(Robinson ef ol 1998} was performed using RRTree
version 1.1 (Bobinson-Rechav & Huchon 20009, In
the test the Kimura 2-parameter substitution model
wos applied and A, hiwmdes was used as reference
taxon.

Tnira-zpecific awclearide diversity and svalurionary
distance conparisons

The intra-specific nucleotide diversity and evolutionary
distances between the two African taxa were compared
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Fig, 1, Mesghbour-joining tree penerated from the drpiffarsy TTS data matne. Mumbers im brackets are GenBank aocession
rambers. Bootsirap vahies are given above the tree branches. Diots (@) desote isolates preveonsly shown to bebong o
MG 1 {Mohammed e @f. 1989, 1994, Abomo-Mdonge & Gualloumin 1997, Bar = nocleotide substitutions per site,

agamst those for geopraphically separated groups in
Armillaria futeobulaling, A, wellea, and A, mowse-
zelandioe {Tubke 2). Sequences for cach species were
afigned in a separate dataset wsing methods described
above. Characters from the extreme 5 and 3" ends of
the ITS sequences were deleted from some taxa to ob-
tain individual datasers that had identical start and end
positions. Missing and gapped regions were excluded
prior o analyses. Mean nucleotide diversity  (x)
(Med 1987) was calculated over all taxa for each data
set and mean evolutionary distances between and
within groups within a specific dataset using a Kimura

Zeparameter nucleotide substibution model in MEGA
varsion 2.1 ikKwmar ef af, 2000

RESULTS
Amplification of ITS and 1GS-1

The ITE region was successfully amplificd for all
Adrican solates, The ITE amplicon size for all isolates
wis gpproximately 650 bp. The TGE-1 region was suc-
cessfully amplified for isolates CMWIETT, CMWAETE,
ChW4asS  CAMW4A9S, CMW4953, CMWTI13T and



Phylogenetic analvses of Alrican Armillaria isolares

Take 1. CenBank accessen mumbers, ongin and groupimg of Areilaeir speces included in intra-specife nucizotide diveraty and

evedutbonary distare comparsons.

LrenBank socession naos

Chale

pecies Giroup Cimgin ITS ICE5-1
A, Iteehu g Australin {wesrh WA, Ausirali AR
A. hebeabutelonr Ausraha (westh Cape Arid, W, AFAEATAL

Amstrabia
A hekeabudhaling Australia (westh Pepanyinmomg, WA, AFA5IT42

Australbia
A, Nuveobitaling Australin {easg) VI, Australia AF S
A Tebreabutveling Aisiralia feast] WIC, Australia AFZIZ000
A hepobutnding Ausiralio {enst) Souh Ausgralin AFAH
A fwreobutnling Ausralia (enss) Traralgon, ¥iC, AF454743

Anastralia
A meflen Eurape Lambrdgeshire, LIk AF 63T AF 1622
A melfew Eurape Humgary AF 163531 AF 163605
A meflea Europe Irnm AFI63583 AF 16360
A, melln Europe Francs AFT63583 AF 163600
A mefleo LISA {weal) Drmida, TA AFI63595 AF 163605
A el TISA fwesth Berkeley, CA AFIGII% AF 163607
A ineflen LIS {wsrh LA A&F 13507 AF 163008
A meilen LISA {east) Drurham, MH AFIG358T AF1G361S
A. el LISA {east) [Crurhnm, MH AFTaIsgE AFI636IT
A meilen LISA (east) Hoston, MA AFI63539 AF1G3614
A el LISA {east) Provincetown, MA AF 163590 AF1636l5
A mefiea LEIH South korea AF 163501 A&F 163811
A meilen A Saouth Kones AFIS63592 AF16361Z
A. miellea Asia South K oren AF 163550 AFIninld
A meilen Adia lapan AF 183559 AF 163ei0
A novar-zelmdtae Austratin Amstraliz AFL20001
A nvop-gelimoios Australin M Wellingiom, AF454735

Tasncanas
A, novap-zelandfee Mew Fealand South Island, AFIZ20G2E

Mew Foaland
A novar-zelunafize Mew Fealand Feoeih Istand, AFZINI6

Mew Fealand
A, nvge-zelmios Somrh AREri Civand Isla de Chiles, AFHENT

Chale
A nowge-2eluniias Soath America Lrrand [sla de Chilee, AFaddaE

CAMWT184, The TGS-1 amplicon sizes for these isolates

wire approximately 1200 bp.

Phylogenetic analyses
Armillaria JTS data maieis and reiphbonr-folning free

The drmillavie TTS data matriy included 32 faxa
with 1183 character sites after alignment with imclusion
of gaps. Eighty-cight missing and ambiguously
alipned churacters as well as 656 gups were excluded
prior to the analysis. The final analysis included 439
characters,

The Mi-trec (Fig. 1) generated from the Arsillaria
ITS dataset grovped the African izolafes into a strongly
supported {100 % bootstrap) cluster. The isolates in-
corporated in this Alrcan closter were Durther sep-
arated inlo two strongly supported groups. Lengths for
branches separating these two major groups were
longer or nearly equal o those separating other
Armelilaria species in the MI-tree,

Afriegn TS dara marri

This dataset included 80 characters alter alignment by
inserting gaps. The absolute sequence lengths for the
Alrican taxa was 6253630 bp, and for Armilfaria
Rinnrilea B51-853 bp, Ten indel regions equalling 241
characters were replauced with multistate characters,
Prior to cladistic and distance analysis 94 missing and
ambiguously alipned characters were excluded, After
exclusion of parsimony-uninformative and constant
characters, 129 characters were included m the
parsimony analysis. Distance analysis was based on
515 characters after exclusion of gapped regions and
multi-state characters.

African NG5-1 dare maerix

This dataset meluded 1259 characters after alignment
with inclusion of gaps. The absolute sequence lengths
of the IGS-1 sequences for the isolates included in this
analysis ranged between 851 and 1133 hp. We replaced

A4
AL
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Additional characteristics
ITS MP trea I m m W% VI VI 155-1 MP free
—— CMWI0I8S Zmhatwe 7 = = = = {1200 CMWM0185 —
—— CMWMST4Zimbabwe 22 W - Sa - 1 4200 CMW4ETd —
—— CMWIT4) SouthAfica - = @ = = = 1300 CMWZ7a0 —
—— CMW2TI7 SouthAfica = = = = = = {300 CHWITT —
2 ChMWd353 LaReunlon LR2 W -  3a = = {200 CAMWM353 5
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Fig. L, Cladograms generated from the African ITS and 10G5-1 data matrixes. TTS MP tree: One of seven most
parsimonions (MP} trees obtained from the ITS dataset, tree length = 161 steps, CI =0.95%, and RI=104%83, 1G5-1 MP tree:
one of twa MP trees obtamed from the [GS-1 data mateix, troe length =187 gteps, Cl=0.936 and R1=0.983. Bootstrap
visles are given below and branch lengihs above the free branches, Additional charactenistics; 1, isolate numbers from
previous publications; 11, sexual system, 9 =homothallic and d =heterothallic {Mohammed er al. 1989, Abomo-MNdongs

ot al, 19975 1T temperature senstoaty, =mesothilic (optimum growth tempereture 24-26 "Chand = thermophili:
[optimum growth temperature 2830 7} (Guillagmim 19921 1V, grouping of Afncan isolates based on protein, esterass and
RAPD analvses as well as Southern hybridizoon (Mohammed 1992 ¥ grouping of Afrscan isolates according 1o thear
physologesd, morphologieal and sexual systems (Cheillagmin 19925, VI, grouping of Zimbabwesn isolates hased on their
marphological and biochemical characterstics (Mwenje & Ride 19941, and Y11, 1GS-1 amplicon sizes in bp. (Cocteos er al.

2000k, Mwenje of al. 2003, and this study),

46 mdel regions of 349 characters by multi-state
characters, vielding a total of 736 characters availabde
for analysis. We excluded 81 missing and ambiguously
aligned regions before cladistic and distance analysis,
Parsimony analysis was based on 136 parsimony-
informative characters alter exclusion of 20 parsimony-
uninformative and 580 constant characters. Distance
amalysis included 675 characters after exclusion of gaps
and mulii-state characiers.

African cladograms and neighbonr-joining frees

Heuristic searches on the African ITS dafa matrix
viclled seven equally most parsimonious (MP) frees
with similar topology, Two MP irees with similar
topologics were generated [rom the African [GS-1 data
matrix after a heuristic search. The overall topologies
of the MP trees (Fig. 2) obtamed from these two data-
sets were congruent, The general topology of the NY
trees {Fig. 3) penerated from the Afrcan ITS and 1GES-1
data matrines were similar and reflected those of the
BT troes,

Parsimony and ™1 irees  generafed [rom (TS
sequence data separated the Alrican isolates inlo wo
highly supported clades (labelled A and Bj, both with
100 %% bootstrap support (bsh Bolates in Clade A
clustered in three sub-groups (A, A; and Ag). Clade A,
included isolates from Zimbabwe, South Alrica, La
Reunton, Malaws and Tanzama (MP: 65% bs, MNJ:
91 %a bs). Tsolates in group Ay originated from Kenya
(WP 99 %% be, M- 89% bs) Clade Ag included solates
from Ethiopia (MP: B53% bs, NJ: 99% bs). Clade B
meluded  solates  from Caméroon, Zambia  and
Limbabwe. Two isolates from Zimbabwe grouped in a
strongly supporied B, sub-clade (MP: 99% bs, MI:
44 % bs).

Relarive rate Reterogerelty 1est

Treating mdinadual 1solates as representing indepen-
dent lineages wielded P values ranging between
(L1153583 and 1. The relative rate test thus mdicated
that substitution rate heterogeneity in the TTS regions
among isolates included i this study s not statistically
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Fig. 3, Meighbourgoiming trees gengrated from the Afncan ITS and [G5-1 data matoxes, Boolstrap values are given

below the free branches. Bar=nucleatide substitutions per sile,

significant, The TTS region within the African faxa
therelore evolved ot o constanl rate,

Fntraspecific nucleolide diversity and evolutionary
dliSTance Comparismeg

Muckotide diversity (7)) in the ITS sequence data sets
was the highest for the Affican taxa (0.0368 +0.0056)
follewed by Areilloric mellea (00321 £0.0042),
A, movae-zelondioe (00193 40,0035}, and 4. fureolu-
Balima (LODES + 0002 1) {Fig, 4a) The overall nucleo-
tide diversity in the IGS-1 datasets was the highest for
the Afncan taxa (00638 40,0067, followed by
A. mellea {00537+ 0064} (Fig. 4b). Evolutionary
distances between the two African groups were the
highest in both ITS and [GS-1 sequence analysis
(Fig. da-b) The evolutionary distance between the two
African proups A and B, based on ITS data, was
1.8-2.4 times greater than between the groups in
A, mellea, 4.2-8.8 tmes greater than between the groups
in A, wovae-selgndiae, and 113 times greater than the
groups mm 4. fufesbubaling. The distance between the
two Afmican groups based on [GS-1 sequence data was
1.5-2.9 tiimes greater than between groups in A, meflea

DISCUSSION

An overall objective of this study was to fest Dwo
opposing views regarding the taxonomy of Arillaria

fuscipes, which we have previously as a synonym of
A Felmdl, Trom Alvica, Using inferspecilic somatic
incompatibility tests, isolates have been shown to rep-
resent o single somatc compatibality group, and thus
the same biological species (Mohammed er @, 1989,
1994, Abomo-Mdongs & Guillaumin 1997 In con-
trast, phylogenetic  studies  bave  sugpested  that
A. fuscipes includes more than one species (Coetaee
er @l 2000a), The present study provides additonal
evidence supporting the view that isolates treated as
A, fuseipes represent af Jeast fwo species

Isolates representing 4. fiscipes, also referred to
as A, kelmil or somatic incompatibility group T1
(Mohammed e @l 1989, 1994, Abomo-Mdongo &
Guillaumin 19975, all have an inverted 35 pene. The
IG5-1 region of seven isolates was amplified in this
study using primer 3528 that inds o the complimen-
tary 5 position of the inverted 58 pene (Coctaee ef al,
2000a). Seccessiul amplification with this primer thus
indicates that the 538 sene is inverted for these solates,
Inversion of the 55 gene has previously been reported
lor other wolates included in this study {Coetees ed al,
H00a, Mwenje ef al. 2003), This siudy, together with
those on other Armillaria spp. (Anderson & Stasovski
1992, Terashima er af, 1998, Cocteee ef af. 2000, 2003),
indicates that this phenomenon s restricted o
A. fuscipes 5. ot Pror to our own studies, inversion of
the 55 gene had previously been reported only for
Coprimes comates (Cassidy & Pukkila 1987} and =,
therefore, highly unusual in basidiomyosies.
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hased on ITS (@) and 1G5-1 (5 sequence data, Yahees within circles are the intragroup distnnee and those above the lines
connecting the gronps, the mtergroup distances. Standard deviatsons are in brackets.

The Ml-tree generated from the ITS data matrx
grouped the African faxs in a strongly supported
cluster separated rom other Armillariz species included
in the study. The kength of the branch connecting the
Alrican isolates with the remainder of the faxa was
exceptionally long in comparison with other branches
in the MJ-tree, Mucleic substitution rate homogengity
among lineages was nol tested for taxa in the Armillaris
ITS data set; consequently it is uncertam i all ineages
prosented in the Nl-tree evolved at the same evol-
utionary rate. However, interpretation of the NI-tree
sugpests strongly that the African group has undergone
o very long period of independent evolution,

Cladograms and ™MI-trees generated from the TTS
datasers separated the African isolates mie two highly

supporied sister groups. Some biogeographic structurg
was observed with isolates from Kenya and Ethiopia
grouping in two different subgroups within ong of the
sister groups, A third subgroup within the other sister
group represented two isolates from Zimbabwe that ane
distinct from the other Zimbabwean selates in terms of
their cultural, molecular and biochemical character-
istics (Mwenje & Ride 199, Mwenje ef of, 2003),
Cladograms and Mi-trees generated [rom the 1GS-1
data set viekded topologies similar 1o those from the
ITS data sets. Because of the absence of an outgroup, it
wins, however, nol possible o gain statistical support
for these results.

lzolates [rom Cameroon, La Rewnion, Malawi,
Taneania, Zambia, and Zimbabwe, that have been
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treated as A, heimdi (Mohammed e af, 1989, 1994,
Abomo-Mdongo & Guillaumin 1997}, and considered
here 1o be A fwscipes, could be delineated in two
phylogenetic groups. The question emerging from our
results is, therefore, whether these two Alrican lingages
represent infraspecihe tuxa or distined specwes display-
ing consideralle Wotogical similarity, In an atbempd (o
address this question, we regarded the Afrcan solates
as a single taxon and imvestigated the genetic variation
within it. We considered the evolutionary distances
within and between these two phylogenctic groups,
which are sympairic, and compared them with
those determined in this study for allopatric groups in
A, lyreohubwaling, A, mellea and A, sovae-zelongdioe.
Analvses of the ITS and IG5-1 sequence data reveaked
variation within the sympatric African taxa that was
nearly eguivalent to or higher than that within the
heterothallic allopatric global populations for the other
Armillaria spicies included.

Earlier studies have shown that African isolates
included in this study are homothallic (Mohammed
et al. 1989, Abomo-Ndongo et al. 1997), with exception
of the isolate from Cameroon that s heterothallic
iMohammed er 2l 1989, Abomo-Mdongo er al. 1997
The sexual system is nof known for isolates from South
Adrica, Kenva, Ethiopia, and some Zimbabwean ones.
Homothallic (self-fertilising) species are expected (o
maintam low miraspecific genetic varation and this
reduces the amount of variation with every new gener-
ation. In contrast, heterothallic species display higher
levels of genetic variation as a result of gene flow and
subsequent recombination between mdividuals. Thus,
the overall intraspecific sequence diversity would be
lower for homothallic than For beterothallic species.
The fact that isolates in the African group, most of
which are known to be homothallic, display higher
nucleotide diversity than the heterothallic populations
to which they were compared, suggests that this group
does nol represent a single species.

The distances between the two major Alrican lingages
emerging from the ITS and IGE-1 sequence data wene
1.3 88 times greater than between the allopatric
groups in A, bteobebaling, A, mellea and A, novaes
zedanaline included in this study. Furthermore, the dis-
tamces within the two African groups were generally
lower than those within the sympatre groups of
A, wellea, A, Titecbubaiing and A movae-zelandiae.
Yormton in the tandem arrayvs, especially within the
ITS and TGS region, are usually observed between
spectes, whilst they are relatively conserved among in-
dividuals of the same species (Hillis & Dixon 1991)
Concerted evolution ocours through the processes of
unsqual crossing over and (or) gene conversion { Dover
1982, Ambeim 19831, Because of concerted evolution,
mutations occurring within the rDMA spacer and gene
regiods are homogenised throughout the tandem array
They consequently become fixed in populations char-
actenised by unrestricted gene Now, thereby maintaining
lovw intruspectfiic vanation (Hillis & Dixon 1991 If the

L[]

isodates from the two Afrcan groups represent the
same species, with unrestricted gene flow beiween the
groups, it would be reasonable 1o expect that mutations
within the ITS and IGE-1 regmons would be homo-
genised. The results would be low intergroup variation,
Hence, the evolutionary distances between the two
African groups should be shorter than the distance
between allopatne populations belonging o the other
Armiltaria spp. However, the results indicate that the
ITS and 1GS-1 sequences are conserved within, bl
highly wvariable between, the two African groups.
Mutations that cecurred in the ITS and 1GS-1 regions
of isolates from one group did not become fived in
isolates from the other group. Our data, therefore,
sugpests o lack of pene flow and subsequent penetic
recombination between isolatcs from the respective
groups i their patural environments, despite ther
being somatically compatible in wire,

The observed phyvlogenetic partitton and apparent
lack of genctic recombination i ITS and [Ci5-1 loci for
the Alrican isolates might be attributed (o their homo-
thallic nature. If this is the case, the two major phylo-
penetic lineages could represent clonal lineages within 4
specics. Meighbour-joining trees generated from the
Armiillgrly TS data matnx showed, however, that
branches connecting the two main groups are longer
than or equivalent in length to branches separating
species from Awstralasia, South Amernca, and the
Morthern Hemisphere, Relative rate heterogeneity fests
indicated that the two lineages evolved independently,
and at the same rate, from their common ancestor.
These resuliz, together with the geographic distribution
of the African taxa and the sister relationships of the
fwo main groups, indicate that sympatric speciation
has occurred and that the two lincages represent two
closely related species,

Eecopnition of the two mam phylegencic Imeages
emerging from this study as discrete species led to a
decision o search previous publications for diagnostc
characters linked to isolates used in this study,
Characters identified during this search meluded : sex-
ual svstems (Mohammed e al. 1989, Abomo-MNdongo
ef gl 1997); temperature sensitivity (Guillaumin 1992},
groupings according to protein, csterase and RAPD
analysiz as well as Southern hybridization {Mohammed
1992); groupings based on physiology and morphology
{Guillaumin 1992},  grouping of isolates  from
Zimbabwe wsing morphological and  biochemical
characteristics (Mwenje & Ride 19961 and [GS-1
amplicon ses (Coeteee of of, 20000, Mwene of ol
2003, and this study) (Fig. 2}, Amplicon size differences
and temperature sensitivily were found (o be the most
diagnostic characters for recognizing the two specics.
Fzolates within the two major phylogenetic lineages can
be distinguished by amplicon sizes of approximately
[200) bp, and 900 bp, respectively, Although fempera-
ture sensitivity has been reported for only a Ffew iso-
lates, thers is a strong indication that isolates belonging
e the one phyvlogenctic lneage (Clade A) are
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mesethilic, whereas those m the other lineage (Clade By
are thermophillic.

Phylogenetic trees generated Trom ITS and TGS-]
seguence duta o thes study clearly separated the iso-
Fates into two major lineages. I the biological species
concepl 15 adopted, isolates within these hneages woukd
represent the same specics. Comparisons in terms of
basidiome morpholegy would probably lead fo the
same conclusion. Applying the morphological species
concept, bul taking into account Bological characier-
istics other than basidiome morphology, however.
sugpgests that they represent different species, This
possibility is confirmed when the phylogenetic species
concept is employed. One of these two lingages (Clade
A} represents the widely distnbuted A, fuscipes, which
has also heen referved fo as A, hedwld in some previous
studies (Mohammed & Guillaumin 1993, Otieno ef al,
2003, Péree-Sierra er of, 2004), Tsolates in the second
phvlogenetic hneage (Clade B} represent an as el
unnamed specics.
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