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Three new black Elaphomyces species (Elaphomycetaceae, Eurotiales, Ascomycota) from
eastern North America with notes on selected European species
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Abstract: We describe three new species of Elaphomyces from eastern North America. Of the three, Elaphomyces loebiae is
the rarest, known only from North Carolina and South Carolina, and appears to associate primarily with ectomycorrhizal
hardwoods but possibly also with conifers. Elaphomyces cibulae is widely distributed but disjunct from Florida, Mississippi, and
North Carolina. Elaphomyces cibulae seems to primarily associate with Quercus species. Elaphomyces mitchelliae has the widest
distribution of the three species, from Florida, Maryland, North Carolina, Virginia, and West Virginia, and appears to associate

with either ectomycorrhizal hardwoods and/or conifers. In the course of comparing our new Elaphomyces species to previously
described European species we discovered that E. persoonii var. minor is conspecific in all essential details with and thus a

synonym of E. cyanosporus.

Published online: 1 December 2017.

INTRODUCTION

The hypogeous, sequestrate genus Elaphomyces (Elapho-
mycetaceae, Eurotiales, Ascomycota) forms ectomycorrhizal
associations with roots of diverse gymnosperm and angiosperm
trees and shrubs around the world (Miller & Miller 1984, Trappe
etal. 2009, Castellano et al. 2016). Species of Elaphomyces release
aromas that are detected by numerous mammal species that dig
them up and utilize them as an important food, thereby dispersing
the spores across the landscape (Boudier 1876, Fogel & Trappe
1978, Vogt et al. 1981, Genov 1982, Cork & Kenagy 1989, Vernes
et al. 2004, Vernes & Poirier 2007). The leathery peridium is eaten
by the animals and some of the powdery mass of hydrophobic
spores within the fruiting bodies are ingested, some released to
the air, and some left on the ground, logs, or stumps.

Elaphomyces species have been reported from every
continent except Antarctica, and occur in diverse forest habitats
ranging from temperate and subarctic conifer forests to lowland
tropics (Corner & Hawker 1953, Trappe & Kimbrough 1972, Zhang
& Minter 1989, Castellano et al. 2011, Reynolds 2011, Castellano
et al. 2012a, c, 2016, Paz et al. 2012, Castellano & Stephens
2017). Recently Paz et al. (2017) revised the systematics of the
European Elaphomyces species. They present all known species
from Europe and provide an updated structure to the sections
and subsections within Elaphomyces.

Our recent work on the genus indicates that eastern North
America is likely the epicentre of Elaphomyces biodiversity
with approximately 30 to 40 species, many of which are still
undescribed (Castellano, unpubl. data). Historically in North
America, most Elaphomyces spp. were assigned European
names due to the difficulty in distinguishing species based on

published descriptions that were often sparse in details (Trappe
& Guzman 1971, Miller & Miller 1984, Luoma & Frenkel 1991,
Gomez-Reyes et al. 2012). Most North American Elaphomyces
with a black or dark coloured peridial surface were assigned
the name E. anthracinus, and others with brown peridial
surfaces were named E. granulatus or E. muricatus, depending
on structure of the inner peridium. We now know that these
species do not occur in North America. In eastern North America
(from Québec south to the Gulf of Mexico), there are currently
eight described Elaphomyces species, including E. americanus,
E. appalachiensis, E. bartlettii, E. macrosporus, E. oreoides, E.
remickii, E. spinoreticulatus, E. verruculosus, and E. viridiseptum
(Linder 1939, Trappe & Kimbrough 1972, Zhang & Minter 1989,
Castellano et al. 2012b, Castellano & Stephens 2017). The aim of
the present study was thus to characterise several Elaphomyces
spp. collected in the USA.

MATERIALS AND METHODS

Species of Elaphomyces typically develop below ground, so
ascomata were collected by raking away the leaf and upper
soil layers in suitable habitats, observing and excavating the
area where animals had previously dug, or by looking for
Tolypocladium species that fruit aboveground while parasitizing
the ascomata of Elaphomyces species (Castellano et al. 2004).
Occasionally, specimens had partially emerged from the soil in
eroded or disturbed environments like road banks, campgrounds,
or trail edges.

Descriptions of macro-morphological characters are based
on fresh material. Colours are described in general terms based

Fungal Systematics and Evolution is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License
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on the observations of the authors and collectors. Tissues and
spores from dried specimens were rehydrated and examined in
3% KOH, Melzer’s reagent, or cotton blue for study of microscopic
characters. Neither tissues nor spores reacted distinctively to
Melzer’s reagent. Microscopic characters of ascoma tissues and
spores were described from 3 % KOH mounts unless otherwise
specified. Spore dimensions include ornamentation and are
from twenty randomly selected ascospores measured from
the holotype collections. Asci of Elaphomyces spp. generally
disintegrate with maturation, so their features often cannot
be recorded. Dried ascospores were mounted on aluminum
pegs with double-sided tape and coated with gold for scanning
electron microscopy (SEM) with a Quanta 600 FEG scanning
electron microscope. Specimens are deposited in the following
herbaria as noted for each collection: FLAS, OSC, RMS, ITCV, ISC
(Index Herbariorum, referenced May 2017).

TAXONOMY

Elaphomyces cibulae Castellano, Trappe & D. Mitchell, sp. nov.
MycoBank MB821236. Fig. 1.

Etymology: Named “cibulae” in honour of the late Dr Bill Cibula
of Mississippi, enthusiastic collector of fungi in the Gulf States
region of the southern USA.

Type: USA, North Carolina, Rutherford Co., near Gilkey, 25 Jul.
2012, T. Elliott (holotype OSC 149262).

Fresh ascomata up to 18 mm tall x 20 mm broad, subglobose
to irregularly flattened, completely embedded in white to ivory
mycelium and rhizomorphs to form a husk around individual
ascomata that incorporates soil, ectomycorrhizae and debris;
portions of mycelium staining brown when exposed, when dried
off-white to pale brown. Peridium covered with mycelium and
rhizomorphs to occlude observation of the peridial surface,
this peridial surface carbonaceous, black to blue-black, smooth
to the naked eye at first but close examination reveals a finely
colliculate surface and the ascoma itself somewhat rugose
when fresh, wrinkled to pleated when dried from inner peridial
collapse. Colliculate surface comprised of flattened, multi-
sided, irregularly shaped bumps up to 240 um broad, £ 40 um
tall, contiguous with each other. Overall the fresh peridium
1+ 2 mm thick when mature, the carbonaceous outer layer + 0.05
mm thick, black in section when fresh and dried, inner layer
uneven, up to 2 mm thick, pale blue-white to blue-grey to grey,
turning grey-green to blue where cut in some specimens, crisp
and moist, off-white to grey when dried. Gleba when young filled
with dense, white, cottony-membranous tissue that bears the
asci, eventually forming a powdery, white spore mass containing
web-like hyphae, spore mass turning pale grey-blue as spores
mature among white capillitial hyphae, becoming dark blue to
grey-blue to grey-blue-black or grey-black when fully mature.
Odour not distinctive to cabbage-like. Taste not recorded.

Peridium two-layered with an additional ephemeral mycelial
covering: outer layer 35-50 um thick, carbonaceous, of dark
brown, compact, septate, parallel hyphae, 2.5-3.5 um broad,
the outer 20 um portion of very dark brown hyphae, walls
+ 1 um broad; inner layer up to 2 mm thick when fresh, 400-700
um thick when dried, of compact, uniform, hyaline to pale grey,
fascicled hyphae (bundles of 5-10 hyphae), individual hyphae
mostly 3.5-8(—9) um broad, fascicles in a cross-hatched pattern,
walls 1.5-3.5 um thick, occasional disjunct amorphous areas of
pale brown pigment diffused through the hyphae; outer mycelial
covering composed of interwoven, much-branched, hyaline
to pale green, slightly encrusted hyphae, 2—3 um broad, walls
<0.5 um thick. Gleba of spores and hyaline, septate, extensively
branched, compact, interwoven hyphae up to 4 um broad, walls
<0.5 um thick. Asci more or less globose, distorted somewhat
from maturing spores, hyaline, 29—-33 um broad at maturity,
walls £ 1 um thick, 8-spored. Spores globose, sometimes with a
flattened side, (13—)14—15 um broad (mean = 14.6 um broad),
walls 1 um thick, in KOH yellow-brown to red-brown singly and
in mass when mature, ornamented with rods, short ridges or a
labyrinthine pattern, 1-2 um tall.

Distribution, habit, habitat, and season: Known from Florida,
Mississippi, and North Carolina; hypogeous; under Quercus
virginiana, Quercus sp. and possibly Pinus sp.; February, June
through August.

Additional collections examined: USA: Florida, Polk Co., along county
road 54, just west of Champions Gate Blvd., north side of road next
to small pond, 25 Feb. 2012, M. Castellano, OSC 148261; Mississippi,
Hancock Co., Steenis Space Center, “old” Gainesville, near corner of
Ambrose St. and Union St., under a very large, old-growth Quercus
virginiana named “Jeremiah,” 4 Jun. 1976, J. Trappe 4601, OSC 36196;
same locality, 6 Aug. 2007, M. Castellano, OSC 150018.

Notes: We assign Elaphomyces cibulae to section Malacodermei
on the basis of the thin, somewhat smooth, soft peridium and
the small spores.

Castellano studied Elaphomyces citrinus collections in
Torino (in OSC 149172) marked “Vittadini collection” and
Kew (161174) marked “ex herb Berkeley from Vittadini.”
Castellano (unpubl. data) recorded data from OSC 149172 in
part as follows: Dried specimens with peridial surface black,
appearing wrinkled or wavy, covered by dark orange-yellow to
orange-brown hyphae; spores globose, in KOH brown singly,
slightly darker in mass, 15-16(-18) um broad, mean = 15.8 um
including ornamentation that appears labyrinthine under light
microscopy, in section appearing spiny to coarsely spiny; SEM
reveals the spore ornamentation as anastomosed rods forming
an irregular labyrinth with flattened apices (Fig. 2A—B). Dodge
(1929) does not cite a type but reports it as common around
Milan. Vittadini, a professor of medicine at the University of
Milan, shared many of his truffle collections with contemporary
mycologists in several European herbaria. How collections in his
herbarium were dealt with after his death is uncertain but the

Fig. 1. Elaphomyces cibulae. A. Ascomata showing peridial surface, gleba, and peridium in section. B. Ascoma surface showing wrinkled nature of the

peridium after drying and the finely colliculate surface. C. Peridial structure of the inner peridium showing bundled/clustered hyphae. D. Asci showing

immature and mature spore development. E. Ascospore in cross-section showing height and pattern of the ornamentation. F. Ascospores in surface

view. G. SEM micrograph of ascospores showing rod-like ornamentation. H. SEM micrograph of an ascospore showing the complex structure to the
rod structure. A—F (OSC 149262 — holotype), G & H (OSC 36196). Bars: A =10 mm, B =500 pm, C=F =10 um, G =5 um, H = 2 um.

2 © 2018 Westerdijk Fungal Biodiversity Institute
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Milan herbaria have no Vittadini collections. Mattirolo (1907)
reconstituted many Vittadini collections at the Herbarium of
the University of Turin (TO) with generous cooperation from
other herbaria; the specimens are marked accordingly but with
little or no information on their origin, associated habitat or
specific collector(s). Elaphomyces cibulae as dried resembles
E. citrinus in the black, carbonaceous outer peridium and in spore
characters. The enveloping mycelium surrounding the ascomata
of E. citrinus is orange-yellow to orange-brown coloured when
dried, whereas E. cibulae has white to ivory mycelium when
dried. Most strikingly are the blue tones of the inner peridium
and gleba in fresh ascomata. These blue tones fade with time. In
addition, the peridial layers of E. cibulae are much thicker than
E. citrinus, and the spores of E. cibulae are slightly smaller than
E. citrinus.

Castellano studied Elaphomyces mutabilis collections from
TO marked “Originale de Vittadini — don. Dal Museo di Paris,”
and in Paris (PC 93923), marked “ex ipso, Mai 1845.” Castellano
(unpubl. data) recorded data from both collections above in part
as follows: Dried peridial surface black, apparently smooth to
the naked eye but under magnification revealing a fine pattern
of multisided, contiguous, flattened bumps, 250-350 um broad,
completely and persistently covered by floccose, off-white
mycelium, spores globose, in KOH brown singly, darker in mass,
14-15 um broad, mean =14.5 um broad including ornamentation
that appears as rods, spines, and short ridges under light
microscopy, SEM reveals the spore ornamentation as spines
or rods anastomosed into short, irregularly-shaped ridges that
form an irregular labyrinth, apices flattened (Fig. 2C-D). Dodge
(1929), Ceruti (1960), Montecchi & Sarasini (2000), and Rubio
et al. (2006) all report that E. mutabilis when fresh has distinct
blue tones to the inner peridium that fade to off-white or very
pale blue over time and when dried. Dodge (1929) reports the
type from “oak forests near Milan, July to November” but does
not designate a collection as type. Castellano also studied PC
93924 marked as E. mutabilis var. flocciger Tul. & C. Tul., France,
Nantes, leg. Menier (the likely type for this variety) and found it
to be conspecific with E. mutabilis. Dried E. cibulae resembles
E. mutabilis in the blue tones of the inner peridium and gleba
when fresh and in the colour of the enveloping mycelium
surrounding the ascoma when dried, the black, carbonaceous
outer peridium and in spore characters. The inner peridium of
E. mutabilis has larger sized hyphae and also scattered dark red-
brown hyphal segments beneath the outer carbonaceous layer.
These elements are lacking in E. cibulae. The carbonaceous,
outer peridial layer in E. mutabilis is constructed of puzzle-like
hyphal segments not the parallel hyphae found in E. cibulae.

Castellano studied an Elaphomyces virgatosporus Hollds
collection from TO (also in OSC 149131) marked “Hungary,
Nograd Comite, Litke, 8 November 1904, Under Fagus.”
Castellano (unpubl. data) recorded data from this collection
in part as follows: Peridial surface of black, variably sized and
shaped, flattened warts, completely covered by dark brown

FUSE

mycelium, spores globose, in KOH brown to dark brown singly,
darker in mass, (18-)19—22 um broad, mean = 20.2 um broad,
including ornamentation that appears as long, continuous ridges
in a pseudo-concentric pattern under light microscopy, SEM
reveals the spore ornamentation as spines or rods anastomosed
into long ridges in a pseudo-concentric pattern, apices flattened
(Fig. 2E—F). We do not designate a type collection, as the type
should reside in the Hungarian Natural History Museum at
Budapest (BP), but collections are unavailable to study except on
location. Dried Elaphomyces cibulae resembles E. virgatosporus
in its black, carbonaceous outer peridium and spore size. The
dried enveloping mycelium of E. cibulae is white to ivory colour,
whereas E. virgatosporus has dark brown mycelium. The long-
ridged spore ornamentation that forms a concentric patternin E.
virgatosporus is distinctly different from the irregularly shaped
labyrinth ornamentation pattern of E. cibulae spores.

Elaphomyces loebiae Castellano & T.F. Elliott sp. nov. MycoBank
MB821237. Fig. 3.

Etymology: Named “loebiae” in honour of Dr Susan C. Loeb,
research ecologist with the US Forest Service and collector of
the type specimens.

Type: USA, North Carolina, Haywood Co., Nantahala National
Forest, Reinhart Gap, 15 Aug. 1996, S. Loeb & F. Tainter 130
(holotype - OSC 149108).

Ascomata as dried subglobose or irregularly-shaped, up to 23
x 35 mm. Fresh peridium £ 1.1 mm thick, outer layer £ 300
um thick, peridial surface black, brittle, uniformly papillate,
papillae flattened or sometimes rounded, irregular in outline,
contiguous, 140-260 um broad at base; inner layer £ 800 um
thick, somewhat pale grey adjacent to epicutis then soon off-
white and uniform in texture, specimens supplied for study
had been thoroughly cleaned beforehand, so information on
material covering specimens is lacking. Gleba composed of a
dark brown to black, powdery spore mass. Odour not recorded.
Taste not recorded.

Peridium as dried two-layered; outer layer + 300 um thick, of
compact cells with dark brown to black walls £+ 1 um thick,
in between papillae are parallel hyphae with dark brown to
black walls < 0.5 um thick; inner layer + 800 um thick, its outer
pale grey portion = 200 um thick, of short, segmented, much
branched, loosely interwoven hyphae 4-7 um broad, walls 1-2
um thick, encrusted with small dark granules, the inner off-
white portion of hyaline, occasionally sinuous, to somewhat
periclinal to interwoven or even interlaced hyphae, mostly
+ 4(—8) um broad, rarely up to 12 um broad, walls 1-2 um thick.
Gleba of spores and hyaline, septate, sinuous hyphae, 1-2 um
broad, walls <0.5 um thick. Asci globose, 45-55 um broad,
hyaline, walls £ 1 um thick, 8-spored, arising from hyaline,

Fig. 2. Various Elaphomyces species from Europe. A. Elaphomyces citrinus ascomata showing peridial surface and adherent yellow toned mycelium
(LE 162869). B. Elaphomyces citrinus SEM micrograph of ascospores showing the fine detail of the ornamentation (OSC 149172). C. Elaphomyces
mutabilis ascomata showing wart structure and adherent off-white mycelium (OSC 149119). D. Elaphomyces mutabilis SEM micrograph of ascospores
showing the fine detail of the ornamentation (OSC 149121). E. Elaphomyces virgatosporus SEM micrograph of ascospores showing spiral pattern of
the ornamentation (OSC 149131). F. Elaphomyces virgatosporus SEM micrograph of ascospores showing the fine detail of the ornamentation (OSC
149131). G. Elaphomyces anthracinus ascoma showing peridial surface (W2008-1095). H. Elaphomyces anthracinus SEM micrograph of ascospores
showing the ornamentation of irregular plates overlaying a fine reticulum (OSC 149163). Bars: A,G=5mm, B, D, F, H=5 um, C = 250 um, E = 10 um.
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clustered, contorted, short segmented hyphae + 6 um broad.
Spores globose, 21-22(-23) um broad (mean = 21.7 um), walls
1+ 1 um thick, in KOH singly and in mass very dark red-brown to
nearly black when mature, ornamentation opaque at maturity,
consisting of rods or spines anastomosed at their apices to form
a fine, irregular labyrinthine-like surface, 1-2 um tall.

Distribution, habit, habitat, and season: Known only from
North Carolina and South Carolina; hypogeous; under Betula
alleghaniensis, Fagus grandifolia, Picea rubens, Quercus rubra,
and Tsuga canadensis; March, May, July, and August.

Additional collections examined: USA, North Carolina, Haywood Co.,
Nantahala National Forest, Haywood Gap, 10 Jul. 1996, S. Loeb & F.
Tainter 106 (OSC 149107); Rutherford Co., Union Mills, along Painters
Gap Rd., 22 Mar. 2007, T. Elliott (OSC 149237); South Carolina, Horry
Co., Huntington State Park, 25 May 2012, T. Elliott (OSC 149109).

Notes: We assign Elaphomyces loebiae to section Ceratogaster,
subsection Sclerodermei based on the absence of mycelial
patches on the peridial surface.

Castellano studied an Elaphomyces aculeatus collection in
TO (in FH 258126) marked “Originale di Vittadini dono al Museo
di Paris.” Castellano (unpubl. data) recorded data from this
collection in part is as follows: Peridial surface appearing off-
white to brown because of overlaying hyphae. Actual peridial
surface is black, carbonaceous and warty, and the thick layer of
overlying hyphae can be rubbed off to expose the apices of the
warts and give the surface a black-spotted appearance against a
brown background. Spores globose, in KOH brown to dark brown
singly, slightly darker in mass, 21-24 um broad, mean = 22.5
um broad, including ornamentation that appears as irregular,
short ridges under light microscopy, in section appearing warty
in outline, SEM reveals the spore ornamentation as a fine,
complete reticulum without overlying material (Fig. 4A-B). The
somewhat smooth peridial surface and spore ornamentation of
E. loebiae differs significantly from E. aculeatus. Castellano also
studied a collection marked “Elaphomyces rubescens, 2 Aug.
1890, Eisenkaute, Herb Hesse” (OSC 158064) and found it to be
conspecific with E. aculeatus.

Castellano studied an Elaphomyces anthracinus collection
in TO (in OSC 149163) marked “Esemplare originale di Vittadini
da Museo di Paris.” Castellano (unpubl. data) recorded data
from this collection in part as follows: Peridial surface black,
appearing smooth to the naked eye, close examination reveals
a distinct pattern of low, circular, rounded papillae, not warty
or angular, ascoma base with a peduncle. Spores globose, in
KOH brown to dark brown singly, slightly darker in mass, 20-24
um broad, mean = 21.9 um broad, including ornamentation
that appears punctate or dimpled under light microscopy, in
section appearing with some flattened sides in outline to the
spore, SEM reveals the spore ornamentation as a fine, complete
reticulum overlain with over-lapping, plate-like material partially
or nearly completely (Fig. 2G—H). We agree with Dodge (1929)
that E. pyriformis Vittad. (Castellano studied authentic Vittadini

material in FH marked “ex ipso auctore”) and E. plumbeus
Hesse (Castellano studied authentic material in Marburg
marked “Laurasen, Germany, April 1890”) are conspecific.
Dried Elaphomyces loebiae resembles dried E. anthracinus in
its black, carbonaceous peridial surface covered with minute
to small papillae and in having spores that are similarly sized,
both approx. 21.5-22 um broad with ornamentation. The spore
ornamentation of E. loebiae is characterised by rods or spines
anastomosed at their apices to form a fine, irregular labyrinth,
whereas the spore ornamentation of E. anthracinus appears as
a fine, complete reticulum overlain with plate-like material that
is partially or nearly completely overlapping.

Elaphomyces loebiae resembles E. cantabricus in spore size
and ornamentation and its black, carbonaceous peridial surface,
but E. cantabricus has distinct sharp warts on the peridial surface
in contrast to the papillae on the peridial surface of E. loebiae.

Elaphomyces loebiae resembles E. spirosporus in spore size,
but the spore ornamentation of E. spirosporus appears as clearly
spiraled ridges compared to the irregularly, labyrinthine-like
spore ornamentation of E. loebiae.

Elaphomyces mitchelliae Castellano & T.F. Elliott, sp. now.
MycoBank MB821238. Fig. 5.

Etymology: Named “mitchelliae” (iae — after) in honour and
recognition of Donna Mitchell of West Virginia, accomplished
collector of sequestrate taxa.

Type: USA, Florida, Alachua Co., along State Route 325, + 1/2
mile north of junction with SR346, 10 Aug. 1985, M. Castellano
& S. Miller (holotype - OSC 149206; isotype - RMS).

Dried ascomata subglobose to somewhat turbinate, 11-18 x
14-40 mm, completely embedded in a yellow to green-yellow
mycelial mat which forms a husk around individual ascomata
and incorporates much sand, ectomycorrhizae and debris, the
mycelium is sparse on the upper part of the ascomata (found
particularly in between the warts), more dense near base but
above the stipitate basal projection; the hyphae with heavy
deposits of amorphous yellow material which, along with the
hyphae, turns orange to magenta with KOH and releases a red
pigment, under magnification the mycelial covering immediately
adjacent to the surface is actually brown and gives rise to the
yellowish hyphae; KOH on ascoma surface instantly red, soon
brown-black, ETOH instantly black (from show-through of
peridium). Peridium 3—4 mm thick when fresh, 2.5-3 mm when
dried, outer layer 500—900 um thick when fresh, carbonaceous,
black, brittle, with a surface of rounded to angled, irregularly
shaped warts, individual warts constructed in a compound,
stellate pattern, warts 250—-300 um tall; inner layer a composite
of several layers, 2.5-3 mm thick when fresh, leathery, uniform
to banded, pale brown to pale yellow-brown to dark grey-brown
(near gleba), KOH on darkening but not distinctive; at the base
of the ascoma the carbonaceous layer is thickened as a dense,
black hyphal mass incorporating roots and debris, often forming

Fig. 3. Elaphomyces loebiae. A. Ascomata showing peridial surface, immature gleba, and peridium in section (OSC 149109). B. Ascoma showing small
rounded warts on peridial surface. C. Inner layer (2") of the peridium with encrusted hyphae. D. Asci showing 8 immature spores. E. Ascospore in
cross-section showing height and pattern of the ornamentation. F. Ascospores in surface view showing the ornamentation pattern. G. SEM micrograph
of ascospores showing the labyrinthine pattern to the clumpy ornamentation. H. SEM micrograph showing the fine detail of the ornamentation. B-H
(OSC 149108 — holotype). Bars: A= 10 mm, B =500 um, C=10 um, D =15 pm, E-G =10 pum, H =5 um.
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a projection up to 11 mm long x 8 mm broad (usually 3 x 3 mm
or less). Gleba stuffed with bright white mycelium when young,
when mature developing a powdery spore mass that is dark
green-blue, dark grey-blue to dark grey-brown, finally grey-black,
with concolourous web-like hyphae. Odour not distinctive. Taste
not recorded.

Peridium 7-layered, 1% layer carbonaceous, * 200 um thick, of
golden yellow to dark brown to black, multi-sided plates or warts
with slightly raised edges, many hyphae between plates and also
on the centre of the plate where it has a depression, in profile the
plates wart-like with depression between the warts; 2™ layer 200—
230 um thick, of dark brown, irregularly inflated cells up to 10 x
15 pum, walls 0.5 um thick; 3" layer 120-140 um thick, of hyaline
to pale tan, compact, interwoven hyphae, 4-5 um broad, walls 0.5
um thick; 4" layer 1-1.2 mm thick, of ectomycorrhizas that are
enveloped with dark brown-black hyphae, this layer irregularly
structured with more ectomycorrhizas found near the ascomata
base and none found at top of ascomata; 5" layer 200-250 um
thick, hyaline to pale tan, loosely interwoven, parallel to somewhat
bundled hyphae, 4-5 um broad; 6" layer 800-900 um thick, of
hyaline to pale tan, distinctly bundled, cord-like, compactly parallel
hyphae, 5-7 um broad, bundles slightly wavy or sinuous; 7% layer
200-275 um thick, of hyaline to pale tan, short-segmented,
contorted, irregularly shaped, compact, interwoven hyphae or
cells, 4-5(-9) um broad. Gleba composed of spores and hyphae
that are hyaline, septate, somewhat branched, sinuous, loosely
interwoven, 3—5 um broad, walls <0.5 um thick. Asci globose, 65—
70 um broad, hyaline, walls 2—3 um thick, 4- or 8-spored, arising
from knots of short, irregularly curved or contorted clustered
hyphae, up to 14 um broad; occasionally forming asci up to 140
um broad filled with 11 or 12 spores. Spores globose, (23—)24—
27(-28) um broad (mean = 25.5 um broad); walls 2-3 pum thick,
in KOH dark grey-brown to olive singly and in mass when mature,
ornamentation a partial to complete reticulum, alveoli 4-5 sided,
(3-)5 um broad, * 3 um tall.

Distribution, habit, habitat, and season: Known from Florida,
Maryland, North Carolina, Virginia, and West Virginia;
hypogeous; under Fagus grandifolia, Pinus serotina, P. taeda,
Quercus alba, Q. coccinea, Q. laurifolia, Q. montana, Q. nigra, Q.
rubra, or Q. virginiana; February, April through May, September,
and November.

Additional collections examined: USA, Florida, Alachua Co., Cross Creek,
17 Sep. 1980, J. Trappe 5951 (OSC 149202) and 5955 (OSC 40154;
PERTH); Newman Lake, Owens-lllinois County Park, 3 May 2006, M.
Castellano (OSC 149210; same locality, 11 Aug. 1985, M. Castellano & S.
Miller (OSC 149209, RMS); same locality, 6 May 1987, M. Castellano, D.
Luoma, & T. O’Dell (OSC 149103); same locality, 14 Jun. 2012, M. Smith
602 (OSC 149216, FLAS); same locality, 25 Feb. 2012, M. Castellano &
M. Smith (OSC 149215 & OSC 149213); same locality, 11 Aug. 2007, M.
Castellano (OSC 149212); same locality, 23 Nov. 1981, Col. E. Dickstein

(FLAS 55379); +13 miles southeast of Gainesville, 5.3 miles north
of Cross Creek, 24 Aug. 1979, G. Benny, J. Kimbrough, L. Jacobs, & J.
Gibson (FLAS 52090, OSC 39528); Polk Co., Lake Kissimmee State Park,
picnic area, 17 Aug. 2007, M. Castellano (OSC 149211); Maryland, Anne
Arundel Co., Patuxent Research Refuge, Laurie-Bowie Rd., 20 Apr. 1966,
FA. Uecker, O.K. Miller, & L. Stevens (OSC 149887); North Carolina,
Brunswick Co., Wilmington, across from Belk-Beery, 8 Sept. 1984, S.
Miller 806 (RMS, OSC 150029); Rutherford Co., Painters Gap Rd., 3 miles
east of Cove Rd., 13 Jul. 2011, T. Elliott (OSC 149214); Virginia, Fairfax
Co., no locality, 8 May 1926, E.G. Artzberger (OSC 149888); Accotink, 30
Jun. 1968, unknown collector (OSC 149101); West Virginia, Barbour Co.
northwest portion of county, 18 Apr. 1992, D. Mitchell (OSC 149203).

Notes: We assign Elaphomyces mitchelliae to section Asco-
scleroderma within Elaphomyces based on its distinct base.

Samuelson et al. (1987) provide an ultrastructural study of
spore ornamentation of the holotype collection of this species
(as E. persoonia).

Castellano studied an Elaphomyces cyanosporus Tul. & C. Tul.
collection in Kew (K161175). Tulasne (1841) lists specimens from
Meudon, Clamart, and Chaville in the area surrounding Paris.
Castellano could not locate any Tulasne material of this species
in Paris (PC or FH). Castellano (unpubl. data) recorded data
from K161175 in part as follows: Dried peridium ornamented
with flat, coarse, irregularly shaped black warts, peridial surface
black, base subturbinate, spores globose, in KOH dark brown
singly, slightly darker in mass, 27—30 pum broad, mean = 28.0 um
broad, including ornamentation that is a complete reticulum
with alveoli 3—4 um broad x 2—3 um tall under light microscopy,
SEM reveals the spore ornamentation as a complete reticulum
with coarse ridges (Fig. 4E—F). The spores of E. cyanosporus are
slightly larger than E. mitchelliae, and the alveoli are smaller.
In addition, the peridial surface of E. cyanosporus consists of
flat, irregularly shaped warts, whereas the peridial surface of E.
mitchelliae has distinct, rounded to angled warts in a compound
stellate pattern.

Castellano studied an Elaphomyces persoonii var. minor Tul. &
C. Tul. collection in Kew (K161168). The Tulasne brothers (1841)
list specimens from Meudon, Clamart, and Chaville in the area
surrounding Paris but do not designate a type. Castellano could
not locate any Tulasne material of this species in Paris (PC or FH).
Castellano (unpubl. data) recorded data from K161175 in part as
follows: Peridial surface of black, flat, coarse, irregularly shaped
warts, ascoma base subturbinate, spores globose, in KOH dark
brown singly, slightly darker in mass, 27-30 um broad, mean
= 28.0 um broad including ornamentation that is a complete
reticulum, alveoli 3—-4 pum broad x 2-3 um tall under light
microscopy, SEM reveals the spore ornamentation as a complete
reticulum with coarse-looking ridges. Elaphomyces persoonii var.
minor is conspecific in all essential details with E. cyanosporus.

Castellano studied an Elaphomyces leveillei Tul. & C. Tul.
collection in Kew herbarium (K162150). Tulasne (1841) lists
specimens from Meudon, Clamart, and Chaville in the area

Fig. 4. Additional Elaphomyces species from Europe. A. Elaphomyces aculeatus ascomata showing peridial surface and the black warts overlain by

yellow-brown hyphae (LE 162850). B. Elaphomyces aculeatus SEM micrograph of ascospores showing the labyrinthine-like ornamentation (OSC

149159). C. Elaphomyces persoonii ascomata showing wart structure and adherent yellow toned mycelium (LE 162885). D. Elaphomyces persoonii

SEM micrograph of ascospores showing reticulate ornamentation (OSC 149365). E. Elaphomyces cyanosporus ascomata showing wart structure. F.

Elaphomyces cyanosporus SEM micrograph of ascospores showing the reticulate ornamentation (OSC 149176). G. Elaphomyces leveillei ascomata

showing papillate peridial surface and some adherent yellow toned mycelium (W2000-805). H. Elaphomyces leveillei SEM micrograph of ascospores
showing the ornamentation of irregular plates (OSC 149116). Bars: A,G=1cm, B, D, F, H=10 um, C=5 mm, E = 500 um.
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surrounding Paris but does not designate a type. Castellano
could not locate any Tulasne material of this species in Paris
(PC). Castellano (unpubl. data) recorded data from K162150 in
part as follows: Peridial surface of black, pusticulate (bumpy) to
tuberculate, partially covered by pale tan, pale yellow-brown to
yellow hyphae, ascoma base indented, spores globose, in KOH
dark brown singly, slightly darker in mass, 26—28 um broad,
mean = 26.6 um broad including ornamentation that appears
pusticulate under light microscopy, in section appearing with
flattening of spore outline at least on a portion of numerous
spores, SEM reveals the spore ornamentation as spines or
rods overlain with amorphous, small, irregular plates to form a
discontinuous surface, plate surface slightly roughened (Fig. 4G—
H). The spores of E. leveillei are similar in size (26—-28 um broad,
mean = 26.6 um broad) but have an ornamentation of irregularly
shaped, discontinuous plates compared to the distinct reticulum
of E. mitchelliae. In addition, the peridial surface of E. leveillei
consists of bump-like features compared to the distinct rounded
to angled warts in a compound stellate pattern of E. mitchelliae.

Castellano studied Elaphomyces persoonii Vittad. collections
from TO - OSC 149124, Wien - W2008-1079 and Kew - K162166
marked as Vittadini. Castellano (unpubl. data) recorded data
from Trappe 1470 in part as follows: Ascoma subturbinate to
turbinate, peridial surface of large black warts, with dark brown
hyphae seen between warts, spores globose, in KOH brown
to dark brown singly, slightly darker in mass, 29-33(—35) um
broad, mean = 31.3 um broad including ornamentation that is
a complete reticulum, up to 5 um tall, alveoli irregular, up to
5-7 um across under light microscopy, SEM reveals the spore
ornamentation as a complete reticulum with the digitate
edges along the alveoli (Fig. 4C-D). The spores of E. persoonii
are larger (29-33 um broad, mean = 31.3 um broad) and have
taller alveoli walls (up to 5 um tall) compared to the spores of E.
mitchelliae. In addition, the peridial surface of E. persoonii has
flat warts compared to the distinct rounded to angled warts in a
compound stellate pattern of E. mitchelliae.
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Abstract: The type of Ophiocordyceps unilateralis (Ophiocordycipitaceae, Hypocreales, Ascomycota) is based on an
immature specimen collected on an ant in Brazil. The host was identified initially as a leaf-cutting ant (Atta cephalotes,
Attini, Myrmicinae). However, a critical examination of the original illustration reveals that the host is the golden
carpenter ant, Camponotus sericeiventris (Camponotini, Formicinae). Because the holotype is no longer extant and
the original diagnosis lacks critical taxonomic information — specifically, on ascus and ascospore morphology —a new
type from Minas Gerais State of south-east Brazil is designated herein. A re-description of the fungus is provided and
a new phylogenetic tree of the O. unilateralis clade is presented. It is predicted that many more species of zombie-

ant fungi remain to be delimited within the O. unilateralis complex worldwide, on ants of the tribe Camponotini.

Published online: 15 December 2017.

INTRODUCTION

Ophiocordyceps unilateralis (Ophiocordycipitaceae: Hypocrea-les)
is a fungal pathogen of ants belonging to the tribe Camponotini
(Formicinae: Formicidae) with a pantropical distribution (Evans
2001). The fungus alters the behaviour of the ant host causing
it to move and die away from the nest, often in an exposed
position and, typically, clinging onto and biting into vegetation in
a “death-grip” (Hughes et al. 2011). This host manipulation by O.
unilateralis is a particularly spectacular and complex example of
the extended-phenotype paradigm (Dawkins 1982, Andersen et
al. 2009, Hughes 2013, Hughes et al. 2016), which duly garnered
the epithet, the zombie-ant fungus (Evans et al. 2011a), and
spawned considerable media coverage by the popular press and
scientific magazines alike (Kaplan 2011, Costandi 2012, Boddy
2014, Pennisi 2014). In addition, it stimulated on-going research
on the nature of the ant-fungal association, as well as on fungal
phylogeny, that has generated a wealth of information (reviewed
in Hughes et al. 2016). Significant advancement has been made
in understanding the mechanisms involved at the molecular
level: thus, manipulation of the ant brain by the fungus has been
ascribed to two candidate metabolites — guanobutyric acid and
sphingosine — previously implicated in neurological diseases and
cancer (de Bekker et al. 2014). Using comparative genomics and a
mixed transcriptomics approach, it has also been shown that genes
unique to the fungus are up-regulated that encode for proteins
known to cause neurological and behavioural changes (de Bekker
et al. 2015, de Bekker et al. 2017).

Contemporary studies have tended to use the over-arching
term O. unilateralis sensu lato for the zombie-ant fungus since
it has long been suspected, but only recently established, that

this is a species complex. In fact, morphological variations had
been noted in collections from around the world from a very
early stage (Petch 1924, 1931, 1933, 1935, 1937, Kobayasi 1941,
Mains 1958, Evans 1974, 1982, Evans & Samson 1984), but it
was concluded that “whilst it is tempting to separate geographic
isolates (ecotypes), there is not enough evidence at the moment
to conveniently divide the species into varietal units: more
information is needed concerning host specificity and the range
of variation in temperate, subtropical and tropical specimens”
(Evans & Samson 1984). Some three decades later, Evans et
al. (2011a) set out to uncover the taxonomic diversity of the
newly-termed zombie or brain-manipulating fungus, based on
an examination of fresh material collected on infected carpenter
ants within a fragment of Atlantic rainforest in Brazil. Four
Camponotus species were identified and, following a critical
morphological comparison of the freshly-released (mature)
ascospores — as well as of the germination process — and of
the associated asexual morphs, four Ophiocordyceps species
were delimited; leading to the supposition that “each species
of the tribe Camponotini may be attacked by a distinct species
of Ophiocordyceps” (Evans et al. 2011a), and “that there may be
hundreds of species within the complex parasitising formicine
ants worldwide” (Evans et al. 2011b). This hypothesis would
appear to be holding true based on subsequent publications
involving both morphological and molecular evidence, with six
new species being described from Thailand (Luangsa-ard et al.
2011, Kobmoo et al. 2012, Kobmoo et al. 2015), one from Japan
(Kepler et al. 2010), three from the Brazilian Amazon (Araujo et
al. 2015) and another 14 in the pipeline (Araujo et al. 2018).
Significantly, however, only Kobayasi (1941) appears to have
examined the type specimen — named as Torrubia unilateralis
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on the Brazilian ant Atta cephalotes (Tulasne & Tulasne
1865) — and he noted that it “is now preserved in [the] Paris
Entomological Museum [and] is immature”. Unfortunately,
repeated attempts to obtain the type for examination of the
fungus and identification of the ant host were unsuccessful
and it was concluded that the specimen was lost, leading to
speculation that this may have gone missing during the Second
World War (Evans et al. 2011a). From the latter study, and the
confirmation that O. unilateralis represents a species complex,
it became necessary to designate a new type, especially since
Ophiocordyceps is the type genus of the recently-recognised
family Ophiocordycipitaceae which is based on the placement
of O. unilateralis within a Bayesian consensus tree (Sung
et al. 2007). Ophiocordyceps is a highly diverse genus, with
considerable pharmaceutical potential (Berenbaum & Eisner
2008, Paterson 2008, Molnar et al. 2010, Zhang et al. 2012) -
species of which have also been identified recently as primary
endosymbionts in certain insect hosts (Nishino et al. 2016,
Gomez-Polo et al. 2017) — and thus O. unilateralis is central
to our understanding of this medically-important group, as
well as being considered as a keystone species for unravelling
ecosystem functioning and biodiversity of fungi in tropical
forests (Evans et al. 2011b).

In his diagnosis, Louis Tulasne described the unilateral
position of the fleshy, hemispherical, fertile stroma on the stipe,
but failed to provide details of the asci or ascospores, nor did
these structures appear in the accompanying illustration by
his brother, Charles (Tulasne & Tulasne 1865). This supports
the statement of Kobayasi (1941) that the type was immature.
Theoretically, the illustration could still stand as the holotype
but, because there is no extant material, this would serve as
the lectotype and a suitable epitype should be designated
(Ariyawansa et al. 2014), not a neotype as Evans et al. (2011a)
had originally and mistakenly proposed. The resultant search
for a suitable epitype was based on the evidence from the
illustration that the host representing the type is a Camponotus
ant (Samson et al. 1982): specifically, the golden carpenter ant
Camponotus sericeiventris, with its distinctive pronotal plate,
and not the leafcutter Atta cephalotes, which is a myrmicine
ant having no historical association with O. unilateralis (Evans &
Samson 1984, Evans 2001). Cooke (1892) used the same Tulasne
illustration to re-describe the so-called “one-sided ant club”,
with additional information that the fungus had been “collected
by Trail in Brazil”. This specimen is in the RBG Kew fungarium
and was found by the English naturalist JW.H. Trail in 1874 in the
Brazilian Amazon, which was examined by Massee (1895) who
reported it to be on the same ant species as the type. However,
we consider that the type specimen of O. unilateralis was
more likely to have originated in the Atlantic rainforest region
of south-east Brazil — where several European naturalists were
based in the 1860s — and from where the type of Camponotus
sericeiventris was collected (Rio de Janeiro) during a series of
French expeditions (Guérin-Menéville 1838); specimens from
which were deposited in the Paris Entomological Museum,
where the type of O. unilateralis was also deposited (Tulasne &
Tulasne 1865).

Epitypification has been delayed until now because all
the targeted collections of infected C. sericeiventris ants from
Atlantic rainforest in south-east Brazil proved to be immature
(Evansetal.2011a). Infact, some newly-infected specimens were
marked in situ — whilst others were harvested and incubated
in the laboratory — to monitor progress, but none developed

to maturity. The present paper is the result of the discovery
of specimens with fertile stromata, from the same region of
Brazil (Zona da Mata Mineira), enabling a full description of the
species, as well as a phylogenetic analysis.

MATERIALS AND METHODS
Field collection

Collecting was concentrated in a vestige of secondary Atlantic
rainforest near Vigosa, Minas Gerais, in the Zona da Mata
Mineira of south-east Brazil — belonging to the Universidade
Federal de Vigcosa (UFV) — where ad hoc surveys for zombie-
ant fungi had been carried out previously (Evans et al. 2011a,
b). Although Camponotus sericeiventris is relatively common
in this habitat, it is confined mainly to open, heavily-disturbed
areas and the incidence of infected ants was found to be
low. All the initial collections proved to be immature and it
was decided to follow progress in situ by flagging specimens
and monitoring development of the ascostromata through
weekly observation. However, none of the five tagged
specimens survived, due to predation and loss through
heavy rain. Subsequently, additional specimens were bagged
but were spoiled by run-off water following storms. Finally,
several more immature specimens were harvested together
with the vegetation, transferred to a humid chamber in a
greenhouse at UFV — with an 8 h misting/16 h dry regime —
and monitored. Asexual morphs developed successfully but,
because ascostromatal development was slow, the specimens
were overgrown by opportunistic fungi before maturation was
complete. The taxonomy of the asexual morphs is based on
these paratype specimens. The mature epitype was collected
by one of us (VRH) from another forest reserve in the Zona da
Mata Mineira, some 150 km from the main study site, in the
municipality of Juiz de Fora. These specimens were deposited
in the fungarium of the Universidade Federal de Vigosa (VIC).

DNA extraction and PCR

We used a BLAST search in the GenBank nucleotide database
to ensure the quality of the sequences generated in this study.
Sequences that were identified as species not closely related to
the species treated in this study were discarded and interpreted
to be from a contaminant. All the sequences included here
passed the above quality control checks.

The molecular studies were conducted according to Aradjo
et al. (2018), described below. The DNA templates were
obtained directly from two specimens of O. unilateralis infecting
Camponotus sericeiventris from the type locality in Minas Gerais
(Brazil) that were collected in the field and dried in silica to avoid
overgrowth by opportunistic fungi. For DNA extraction, the ants
were dissected and the fungal contents (mummified mycelium
and hyphal bodies) within their abdomens were placed in
1.5 mL Eppendorf tubes with 100-200 puL of CTAB (2 % CTAB
powder, 100 mM Tris pH8, 20 mM EDTA, 1.4 M NaCl) and ground
mechanically; 400 pL of CTAB were then added and the tubes
were incubated at 60 °C for 20 min and centrifuged for 10 min at
14 000 rpm. The supernatant (approx. 400 uL) was transferred
to a new 1.5 mL Eppendorf tube, mixed with 500 uL of 24:1
chloroform: isoamyl-alcohol (Sigma) and mixed by inverting.
The mix was then centrifuged for 20 min at 14 000 rpm and the
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supernatant transferred to a new 1.5 mL Eppendorf tube and
further cleaned using the GeneCleanlll kit (MP Biomedicals),
following Araujo et al. (2018) modifications.

Four loci were used in the analyses, i.e. small subunit nuclear
ribosomal DNA (SSU), large subunit nuclear ribosomal DNA
(LSU), translation elongation factor 1-a (tefl) and the largest
subunit of RNA polymerase Il (rpb1). The final concatenated
dataset consisted of 3 795 bp. The primers used were, SSU: NS1
(GTAGTCATATGCTTGTCTC) and NS4 (CTTCCGTCAATTCCTTTAAG)
(White et al. 1990); LSU: LROR (5’-ACCCGCTGAACTTAAGC-3’) and
LR5 (5’-TCCTGAGGGAAACTTCG-3’) (Vilgalys & Hester 1990); tef1:
EF1-983F (5-GCYCCYGGHCAYCGTGAYTTYAT-3’) and EF1-2218R
(5’- ATGACACCRACRGCRACRGTYTG-3’) (Rehner & Buckley 2005);
CRPB1: (5'-CCWGGYTTYATCAAGAARGT-3’) (Castlebury et al.
2004) and RPB1Cr_oph: (5-CTGVCCMGCRATGTCGTTGTCCAT-3’)
(Araujo et al. 2018).

To amplify the target loci, each 25 pL PCR amplification mix
contained 4.5 pL of buffer E (Premix E — Epicentre) 0.5 pL of each
forward and reverse primers (10 mM), 1 pL of DNA template, 0.1
Platinum Taq polymerase (Invitrogen) and 18.4 pL of ultra-pure
distilled water (Gibco). The amplification reactions were placed
in a Biometra T300 thermocycler under the following conditions:
for SSU and LSU (1) 2 min at 94 °C, (2) 4 cycles of denaturation
at 94 °C for 30 s, annealing at 55 °C for 30 s, and extension at
72 °C for 2 min, followed by (3) 35 cycles of denaturation at 94 °C
for 30 s, annealing at 50.5 °C for 1 min, and extension at 72 °C
for 2 min and (4) 3 min at 72 °C. For tefl and rpb1 (1) 2 min at
94 °C, (2) 10 cycles of denaturation at 94 °C for 30 s, annealing
at 64 °C for 1 min, and extension at 72 °C for 1 min, followed
by (3) 35 cycles of denaturation at 94 °C for 30 s, annealing at
54 °C for 1 min, and extension at 72 °C for 1 min and (4) 3 min at
72 °C. Each 25 plL amplification reaction was cleaned by adding
3.75 pL of lllustra ExoProStar enzymatic PCR clean up (1:1 mix
of Exonuclease | and alkaline phosphatase, GE Healthcare Life
Sciences), incubated at 37 °C for 1 h and 80 °C for 15 min in
the thermocycler. The purified PCR products were sequenced
by Sanger DNA sequencing [Applied Biosystems 3730xI DNA
Analyzer (Life Technologies, Carlsbad, CA, USA)] at the Genomics
Core Facility service at Penn State University.

Phylogenetic analyses

The raw sequence reads were edited manually using Geneious
v. 8.1.8 (Kearse et al. 2012). Individual gene alignments were
generated by MUSCLE (Edgar 2004), implemented in Geneious
v. 8.1.8 (Kearse et al. 2012). The alignment of every gene was
improved manually, annotated and concatenated into a single
combined dataset using Geneious v. 8.1.8 (Kearse et al. 2012).
Ambiguously aligned regions were manually excluded from
phylogenetic analysis and gaps were treated as missing data.
The final alignment length was 3 795 bp — 1 071 for SSU, 961
for LSU, 1 011 for tef1 and 752 for rpb1. A Maximum likelihood
(ML) analysis was performed with RAXML v. 8.2.4 (Stamatakis
2006) on a concatenated dataset containing all four genes. The
dataset consisted of eight data partitions. These included one
each for SSU and LSU, and three for each of the three codon
positions of the protein coding genes, tefl and RPB1. The
GTRGAMMA model of nucleotide substitution was employed
during the generation of 1 000 bootstrap (bs) replicates. The
sequences generated for this study were deposited in GenBank
(Table 1).
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RESULTS
Taxonomy

Ophiocordyceps unilateralis (Tul.) Petch, Trans. Br. Mycol. Soc.
16: 74.1933. emend. H.C. Evans, D.P. Hughes & Araujo. Figs 1-2.
Basionym: Torrubia unilateralis Tul., Sel. Fung. Carp. lll: 18. 1865.
Synonym: Cordyceps unilateralis (Tul.) Sacc. Syll. Fung. 2: 570.
1883.

Description on host: External mycelium sparse, pale brown;
emerging from sutures on body and legs. Clava stromatal,
solitary, arising from the dorsal pronotum; cylindrical, brown and
hirsute at the base. Ascostroma produced unilaterally, almost
encircling the clava; hemisphaerical, 1.5-1.7 x 0.8 um, dark
brown, with roughened surface due to prominent perithecial
necks. Ascomata (perithecia) partially erumpent, flask-shaped,
200-250 x 140-160 um. Asci 8-spored, hyaline, cylindrical,
(90-)95-125 x 6-8(—9) um, swollen centrally tapering to a
distinct foot and apical cap region (5-6 x 4-5 um). Ascospores
multiserriate, hyaline, thin-walled, filiform, (70-)75-85 x 2-2.5
um, 4-5-septate; curved, tapering at both ends.

Lectotype designated here: holotype Brazil, “Atta cephalotes”,
Tulasne (1865) Sel. Fung. Carp. lll, plate |, fig. 3—4, MBT379723.

Epitype designated here: Brazil, Minas Gerais, Juiz de Fora,
Paraibuna river (700—-800 m a.s.l.), on Camponotus sericeiventris
(Camponotini: Formicinae: Formicidae), on shrub leaf, 10 Aug.
2014, V.R. Halfeld, 114-1369A (epitype VIC 44303, MBT379722).

Additional materials examined: Brazil, Minas Gerais, Vigosa, Mata do
Paraiso (700 m a.s.l.), on Camponotus sericeiventris, on shrub leaf, 26
Apr. 2010, H.C. Evans, MAP-61 (paratype VIC 44354); 12 Aug. 2012, H.C.
Evans, MP-426 (paratype VIC 44349); 7 Feb. 2013, H.C. Evans, MP-502
(paratype VIC 44350).

Asexual morph: The asexual morph of the epitype proved to
be in poor condition and the diagnosis below is based on the
paratype collections.

Apical region of the stromatal clava, smooth, pinkish-
brown, tapering to an acute tip; covered by a loose to compact
hymenium of scattered to dense phialides. Phialides of two
types: with a prominent swollen base (10-12 x 3-3.5 um),
tapering abruptly to a thin neck region (12-15 x 0.5-1 um),
producing hyaline, guttulate, limoniform conidia, 6.5-8 x 2-2.5
um, apically (= Hirsutella A-type, Evans & Samson 1984); with a
cylindrical base (14-16 x 2.5-3 um), tapering gradually to a long
neck (45-50 um), 1 um at the tip, producing solitary, hyaline,
cylindrical-fusoid conidia, 811 x 2.5-3 um, with a rounded apex
and truncate base (= Hirsutella B-type). Hirsutella B-type also
produced separately in loose, brown sporodochia arising from
the leg joints.

Notes: Other synonyms — Torrubia formicivora, Cordyceps
formicivora, C. ridleyi and C. subunilateralis — have been listed
by various authors (Petch 1933, Mains 1958, Evans & Samson
1984, Sung et al. 2007): however, because the ant hosts are
not identified and the collecting localities of some are outside
the geographic range of Camponotus sericeiventris, these can
no longer be considered to be synonymous with O. unilateralis
s. str. Examination of the types, as well as identification of the
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Table 1. Specimen information and GenBank accession numbers for the sequences used in this study.

GenBank Accession numbers?

Species Voucher Information* SSuU LSU tefl rpb1
Ophiocordyceps acicularis 0SC 128580 DQ522543 DQ518757 DQ522326 DQ522371
Ophiocordyceps agriotidis ARSEF 5692 DQ522540 DQ518754 DQ522322 DQ522368
Ophiocordyceps amazonica HUA 186143 KJ917562 KJ917571 KM411989 KP212902
Ophiocordyceps annulata CEM 303 KJ878915 KJ878881 KJ878962 KJ878995
Ophiocordyceps aphodii ARSEF 5498 DQ522541 DQ518755 DQ522323 n/a
Ophiocordyceps araracuarensis HUA 186135 KC610788 KC610769 KC610738 KF658665
Ophiocordyceps australis HUA 186147 KC610784 KC610764 KC610734 KF658678
Ophiocordyceps blattarioides HUA186093 KJ917559 KJI917570 KM411992 KP212910
Ophiocordyceps brunneipunctata 0SC 128576 DQ522542 DQ518756 DQ522324 DQ522369
Ophiocordyceps camponoti-atricipis ATRI3 KX713666 n/a KX713677 n/a
Ophiocordyceps camponoti-balzani G104 KX713660 KX713593 KX713689 KX713703

G143 KX713658 KX713595 KX713690 KX713705
Ophiocordyceps camponoti-bispinosi BISPI2 KX713665 KX713588 n/a KX713700

OBIS KX713639 KX713612 KX713694 KX713718

OBIS3 KX713638 KX713614 KX713695 n/a

OBIS4 KX713637 KX713615 KX713692 KX713720
Ophiocordyceps camponoti-leonardi TL1 KJ201515 n/a KJ201526 n/a

C36 KJ201512 n/a JN819013 n/a
Ophiocordyceps camponoti-rufipedis G108 KX713659 KX713594 KX713679 KX713704

G177 KX713657 KX713596 KX713680 n/a
Ophiocordyceps camponoti-saundersi C19 n/a n/a IJN819042 n/a

C40 n/a n/a IN819044 n/a
Ophiocordyceps communis NHJ 12582 EF468975 EF468830 EF468771 n/a

NHJ 12581 EF468973 EF468831 EF468775 n/a
Ophiocordyceps curculionum 0SC 151910 KJ878918 KJ878885 n/a KJ878999
Ophiocordyceps dipterigena 0SC 151911 KJ878919 K1878886 KI878966 KJ879000
Ophiocordyceps elongata 0SC 110989 n/a EF468808 EF468748 EF468856
Ophiocordyceps evansii HUA 186159 KC610796 KC610770 KC610736 KP212916
Ophiocordyceps formicarum TNS F18565 KJ878921 KJ878888 KJ878968 KJ879002
Ophiocordyceps fulgoromorphila HUA 186139 KC610794 KC610760 KC610729 KF658676
Ophiocordyceps gracilis EFCC 3101 EF468955 EF468810 EF468750 EF468858
Ophiocordyceps halabalaensis MY1308 n/a n/a GU797109 n/a

MY5151 n/a n/a GU797110 n/a
Ophiocordyceps heteropoda EFCC 10125 EF468957 EF468812 EF468752 EF468860
Ophiocordyceps irangiensis 0SC 128578 DQ522556 DQ518770 DQ522345 DQ522391
Ophiocordyceps kniphofioides HUA 186148 KC610790 KF658679 KC610739 KF658667
Ophiocordyceps longissima HMAS_199600 KJ878926 n/a K1878972 KJ879006
Ophiocordyceps lloydii 0SC 151913 K1878924 KJ878891 KJ878970 KJ879004
Ophiocordyceps melolonthae 0SC 110993 DQ522548 DQ518762 DQ522331 DQ522376
Ophiocordyceps myrmecophila CEM1710 KJ878928 K1878894 KJ878974 KJ879008
Ophiocordyceps neovolkiana 0SC 151903 KJ878930 KJ878896 KJ878976 KJ879010
Ophiocordyceps nutans 0SC 110994 DQ522549 DQ518763 DQ522333 DQ522378
Ophiocordyceps polyrhachis-furcata P39 KJ201504 n/a JN819003 n/a

P51 KJ201505 n/a JN819000 n/a
Ophiocordyceps ponerinarum HUA 186140 KC610789 KC610767 KC610740 KF658668
Ophiocordyceps pruinosa NHJ 12994 EU369106 EU369041 EU369024 EU369063
Ophiocordyceps pulvinata TNS-F 30044 GU904208 n/a GU904209 GU904210
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Table 1. (Ctd).
GenBank Accession numbers?

Species Voucher Information?® SsuU LSU tefl rpb1
Ophiocordyceps purpureostromata TNS F18430 KJ878931 KJ878897 KJ878977 KJ879011
Ophiocordyceps rami MY6736 KM655823 n/a KJ201532 n/a
Ophiocordyceps rhizoidea NHJ 12522 EF468970 EF468825 EF468764 EF468873
Ophiocordyceps septa C41 KJ201525 n/a JN819037
Ophiocordyceps sobolifera TNS F18521 KJ878933 KJ878898 KJ878979 KJ879013
Ophiocordyceps sphecocephala 0SC 110998 DQ522551 DQ518765 DQ522336 DQ522381
Ophiocordyceps stylophora 0SC 111000 DQ522552 DQ518766 DQ522337 DQ522382
Ophiocordyceps tiputini QCNE 186287 KC610792 KC610773 KC610745 KF658671
Ophiocordyceps unilateralis s. str. VIC 44303 KX713628 KX713626 KX713675 KX713730

VIC 44354 KX713627 n/a KX713676 KX713731
Ophiocordyceps unilateralis var. clavata INPA 274589 KX713652 KX713600 KX713681 KX713708

INPA 274590 KX713651 n/a KX713682 KX713709
Ophiocordyceps variabilis 0SC 111003 EF468985 EF468839 EF468779 EF468885
Ophiocordyceps yakusimensis HMAS_199604 KJ878938 KJ878902 n/a KJ879018
Stilbella buquetii HMAS_199617 KJ878940 KJ878905 KJ878985 KJ879020
Tolypocladium capitatum 0SC 71233 AY489689 AY489721 AY489615 AY489649
Tolypocladium japonicum 0SC 110991 DQ522547 DQ518761 DQ522330 DQ522375
Tolypocladium ophioglossoides 0SC 106405 AY489691 AY489723 AY489618 AY489652

LARSEF, USDA-ARS Collection of Entomopathogenic Fungal Cultures, Ithaca, NY; ATR, BISP, G and OBIS abbreviations from D.P. Hughes personal
collection, Penn State University, PA, USA; C, P and TL abbreviations follow those of Kobmoo et al. (2015); CEM from J. W. Spatafora lab collection,
Oregon State University, OR, USA; EFCC, Entomopathogenic Fungal Culture Collection, Chuncheon, South Korea; HMAS, Chinese Academy of
Sciences, Beijing, China; HUA, Herbarium Antioquia University, Medellin, Colombia; INPA, Herbarium of National Institute of Amazonian Research,
Manaus, Brazil; MY, J.J. Luangsa-ard personal collection, BIOTEC, Thailand; NHJ, Nigel Hywel-Jones personal collection; OSC, Oregon State University
Herbarium, Corvallis, OR; TNS, National Museum of Science and Nature, Tsukuba, Japan.

2SSU: partial small subunit (18S) nrRNA gene; LSU: partial large subunit (28S) nrRNA gene; tef1: partial translation elongation factor 1-a gene; rpb1:

partial fragment of the largest subunit of the RNA polymerase Il gene.

Camponotus species involved, will be necessary to clarify their
taxonomic status.

The characteristic that distinguishes O. unilateralis from all
the other zombie-ant species described, thus far, is the presence
of both the A- and B-type phialides within the same hymenium of
the stromatal clava (Fig. 2). Cylindrical, pinkish brown synnemata
may also arise separately from the body and legs forming both
phialide types. In other species, only the A-type phialides are
produced in a compact hymenium at the tip of stromatal clava or
on separate synnemata. This was named much later as Hirsutella
formicarum on specimens from Guyana (Petch 1935): however,
the description matches that of the Hirsutella B-type (conidia 9-11
x 2 um), rather than the significantly smaller, limoniform conidia
described by Kobayasi (1941), as well as by Petch (1924) from
Asian collections. This led Mains (1951) to question the validity of
H. formicarum: “it hardly seems possible that these are all conidial
stages of Cordyceps unilateralis”. We can now begin to understand
why there was this disparity in the asexual morphs collected on
different and geographically-separated ant hosts, as highlighted
by subsequent publications (Evans & Samson 1984, Rombach &
Roberts 1989). Evans & Samson (1984) also illustrated the asexual
morph collected on C. sericeiventris in Honduras and showed that
both A- and B-phialides occurred together on the same synnema;
although the taxonomic significance of this character was
overlooked at the time. The majority of this Honduran collection
(~70 specimens) comprised infected ants exhibiting both the

A- and B-asexual morphs described herein. These were found
around the buttress base of tropical forest trees whilst others
were located in the classic death-grip on nearby shrubs. The latter
specimens were reported to have only the A-asexual morph, with
morphologically distinct phialides and conidia (Evans & Samson
1984). The explanation for this variability of the fungus within a
single ant species may lie in the recently-confirmed classification
of C. sericeiventris into five subspecies, three of which have a
purely Mesoamerican distribution (Bolton et al. 2007). Evidently,
therefore, pathogen-host specificity may be even more complex
than envisaged previously, but this will only be clarified by
more comprehensive collections of infected C. sericeiventris
from the Neotropics, specifically from Central America. We are
confident, however, that the epitype named here is on the ant, C.
sericeiventris sericeiventris (Bolton et al. 2007), whilst it is possible
that novel taxa of Ophiocordyceps remain to be discovered on the
other five ant subspecies. In addition, fresh material with mature
ascostromata is still needed in order to determine the mode of
ascospore germination in O. unilateralis s. str., an overlooked but
significant taxonomic trait in these fungi (Evans et al. 2011a, b).

Phylogenetic relationships
The topology recovered in this study is in agreement with

previous publications (Sung et al. 2007, Quandt et al. 2014,
Sanjuan et al. 2015). The Ophiocordyceps unilateralis s. lat. clade
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Fig. 1. Ophiocordyceps unilateralis, epitype (VIC 44303) on Camponotus sericeiventris. A. Golden carpenter ant biting into a leaf midrib, and the clava
arising from the dorsal neck region with the unilateral ascostroma, arrow shows the sporodochium of the asexual morph (Bar = 3 mm); inset, showing
details of the ascostroma (Bar = 0.8 mm). B. Section through the ascostroma, showing the crowded, partially erumpent ascomata (Bar = 200 um). C.
Asci en masse (Bar = 40 um). D-E. Asci with the prominent apical cap and foot region (Bar = 10 um). F. Ascospore (Bar = 8 um).

was strongly supported (bs = 100 %). The proposed epitype —
infecting C. sericeiventris — was strongly resolved, forming a
sub-clade (bs = 75 %) with O. camponoti-rufipedis, which is a
species native to the same geographic and ecological region as
O. unilateralis s. str., the Zona da Mata Mineira in the Atlantic
rainforest of south-east Brazil.

DISCUSSION

Our phylogenetic results corroborate previous studies regarding
the monophyly of Ophiocordyceps unilateralis core clade (bs
= 100 %) (Araujo et al. 2015, 2018, Sanjuan et al. 2015). The

clade shares numerous apomorphic traits, including: having
ants of the tribe Camponotini as hosts; the ability to manipulate
host behaviour resulting in biting into subaxial surfaces of
leaves or twigs; producing multiple asexual morphs and;
forming capillisporophores and capillispores during ascospore
germination (Evans et al. 2011a, b). Besides the morphological
evidence that characterises the epitype proposed herein,
Ophiocordyceps unilateralis s. str., we also demonstrate that this
species is unique at the molecular level. Our analysis shows that
O. unilateralis s. str. sits within the New World clade (Fig. 3) sister
to another species from the Atlantic rainforest, O. camponoti-
rufipedis (bs = 75 %). However, within the New World subclade
— composed of species from Atlantic and Amazon rainforests —

18 © 2018 Westerdijk Fungal Biodiversity Institute
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Fig. 2. Asexual morphs of Ophiocordyceps unilateralis, based on paratype (VIC 44350). A. Camponotus sericeiventris biting into midrib of shrub leaf,
showing the clava emerging from the dorsal pronotum (large arrow) and the immature ascostromata forming laterally (small arrow) (Bar = 2.5 mm).
B-C. Apical region of clava showing the A-phialides (Bar = 10 um); D. Limoniform A-conidia (Bar = 7 um). E. B-phialide from apical region of clava
emerging from neck (Bar = 12 um). F-G. B-phialides from sporodochium emerging from leg joint (Bars = 12 and 20 um).
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there is no clustering of species according to the region. Further
studies, including more species from different continents, are
helping to resolve the relationships within this clade (Araujo et
al. 2018).

With the selection and re-description of the epitype of
Ophiocordyceps unilateralis, it is now possible to construct a
more meaningful phylogenetic tree for the O. unilateralis clade.
Previously, trees were constructed using a sequence of the
fungus from an unidentified ant in the herbarium of the Oregon
State University (OSC 128574) (Sung et al. 2007, Kepler et al.
2010, Araujo et al. 2015, Kobmoo et al. 2015). This will be critical
as more new species are identified within the O. unilateralis
complex and we begin to understand more about the intricacies
of the pathogen-host relationship. None more so than within the
type of O. unilateralis on Camponotus sericeiventris, in which
the evidence from Honduran collections suggests that different
subspecies of the ant occur within the same forest habitat and
that this is reflected in different death positions of the infected
ants, as well as in morphological variation within the fungal
pathogen. In order to coexist, the ant subspecies must occupy
different niches within this ecosystem and, therefore, the fungus
may also have evolved at the subspecies level with different
morphological (spore forms) and physiological (neurotoxins)
traits to maximize infection.
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Abstract: Fusarium oligoseptatum sp. nov. was isolated from the invasive Asian ambrosia beetle Euwallacea
validis (Coleoptera, Scolytinae, Xyleborini) and from the galleries that females had constructed in dying Ailanthus
altissima (tree-of-heaven) symptomatic for Verticillium wilt in south-central Pennsylvania, USA. This ambrosia
fungus was cultivated by Euwallacea validis as the primary source of nutrition together with a second symbiont,
Raffaelea subfusca. Female beetles transport their fungal symbionts within and from their natal galleries in paired
pre-oral mycangia. Fusarium oligoseptatum was distinguished phenotypically from the 11 other known members
of the Ambrosia Fusarium Clade (AFC) by uniquely producing mostly 1-2 septate clavate sporodochial conidia
that were swollen apically. Phylogenetic analysis of multilocus DNA sequence data resolved F. oligoseptatum as
a genealogically exclusive species-level lineage but evolutionary relationships with other members of the AFC
were unresolved. Published studies have shown that F. oligoseptatum can be identified via phylogenetic analysis
of multilocus DNA sequence data or a PCR multiplex assay employing species-specific oligonucleotide primers. In
addition, to provide nomenclatural stability, an epitype was prepared from an authentic strain of . ambrosium
that was originally isolated from a gallery constructed in Chinese tea (Camellia sinensis) by E. fornicatus in India,

Key words:

Ailanthus altissima
Ambrosia Fusarium Clade
Camellia sinensis
phylogeny

shot-hole borer beetle

together with its lectotypification based on a published illustration.

Published online: 19 February 2018.

INTRODUCTION

Ambrosia beetles (Coleoptera, Curculionidae: Scolytinae and
Platypodinae) are obligate mutualistic mycetophagous insects
that cultivate ambrosia fungi as a source of nutrition typically
in dead but occasionally in healthy woody hosts (Hulcr &
Stelinski 2017). Most ambrosia beetles studied to date carry
specific symbiotic ambrosia fungi within their mycangia, which
are disseminated by females when they leave their natal
galleries to establish new colonies (Hulcr & Cognato 2010,
Hulcr & Dunn 2011). Genera in the tribe Xyleborini (Scolytinae)
are considered to be the most ecologically successful ambrosia
beetles (Hulcr & Stelinski 2017). Several well-studied fungus-
farming beetles, including representatives of several tribes,
have recently caused significant mortality of trees. Notable
examples include the invasive Asian ambrosia beetle Xyleborus
glabratus and its nutritional symbiont Raffaelea lauricola
on redbay (Persea borbonia) in the southeastern United
States (Fraedrich et al. 2008), and Platypus quercivorus and
its symbiont Raffaelea quercivora on Japanese oak (Quercus
serrata and Q. mongolica var. grosseserrata) in Japan (Kubono
& Ito 2002, Seo et al. 2012).

Compared to their beetle partners, relatively few fungal
symbionts have been formally described. Most of the
ambrosia fungi described to date are ascomycetous fungi in
the Ophiostomatales, including members of Afroraffaelea,
Ceratocystiopsis, Dryadomyces and Raffaelea (von Arx &
Hennebert 1965, Upadhyay & Kendrick 1975, Gebhardt et al.
2005, Harrington et al. 2008, 2010, Alamouti et al. 2009, Dreaden
et al. 2014, Bateman et al. 2016, Hulcr & Stelinski 2017). The
Microascales also include multiple groups of ambrosia fungi,
some of which are important and widespread: Ambrosiella,
Meredithiella, and Phialophoropsis (Mayers et al. 2015). Less
common are symbionts belonging to the Polyporales (Li et al.
2015, Kasson et al. 2016, Simmons et al. 2016), Hypocreales (i.e.,
Geosmithia) (Kolarik & Hulcr 2009, Kolarik & Kirkendall 2010), and
Saccharomycetales (van der Walt 1972, Hulcr & Stelinski 2017).

In addition to the symbionts mentioned above, Fusarium
ambrosium (Hypocreales, Nectriaceae) is cultivated by Euwallacea
fornicatus (formerly Xyleborus fornicatus) as a source of nutrition
(Gadd & Loos 1947, Norris & Baker 1967, Brayford 1987, Nirenberg
1990). The taxonomic history of F. ambrosium, however, is
complicated because the species was originally misclassified and
established in Monacrosporium, as M. ambrosium. This fungus

Fungal Systematics and Evolution is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License

© 2018 Westerdijk Fungal Biodiversity Institute 23



FUSE

Aoki et al.

was isolated originally and described from galleries of the tea
shot-hole borer, E. fornicatus, in Camellia sinensis (Chinese tea)
and Ricinus communis (caster-oil tree) stems in Sri Lanka (Gadd &
Loos 1947). Subsequently, F. bugnicourtii was described based on
collections from galleries in Chinese tea in India, borer-damaged
Hevea brasiliensis (rubber tree) and Theoborma cacao (cacao) in
Sabah, Malaysia (Brayford 1987). Nirenberg (1990) synonymized
F. bugnicourtii with M. ambrosium and recombined the latter as
F. ambrosium based on nomenclatural priority. Brayford (1987)
considered F. bugnicourtii to be conspecific with £ tumidum
var. coeruleum (Bugnicourt 1939), but distinct from F. tumidum.
Although the type of F tumidum var. coeruleum based on a
collection from H. brasiliensis appears to be phylogenetically
distinct from F. bugnicourtii, the holotype of F. bugnicourtii
selected by Brayford (IMI 296597 = NRRL 20438) is conspecific
with F. ambrosium (Kasson et al. 2013).

Kasson et al. (2013) conducted an extensive multilocus
molecular phylogenetic study on the ambrosial fusaria, based
on isolates from beetles, their galleries, or from trees showing
extensive borer damage and dieback. These included Camellia
sinensis, Persea americana (avocado), Ailanthus altissima (tree-
of-heaven), Acer negundo (box elder), and Hevea brasiliensis from
natural and cultivated ecosystems, and avocado in the United
States, Israel and Australia. Seven different Fusarium species
lineages were reported to be associated with Euwallacea ambrosia
beetles within the Ambrosia Fusarium Clade (AFC) and one other
species (i.e., Fusarium sp. AF-9) with Xyleborus ferrugineus in
Costa Rica. The monophyletic AFC is nested within Clade 3 of the
F. solani species complex (FSSC; O’Donnell 2000), which contains
60 plus phylogenetic species based on genealogical concordance
phylogenetic species recognition (GCPSR; Taylor et al. 2000).
The AFC comprises two strongly supported clades: the four
species within Clade A typically produce curved fusiform septate
macroconidia, which are typical of Fusarium, whereas nine of the
10 species within Clade B produce clavate macroconidia (Kasson
et al. 2013, Aoki et al. unpubl.), described as ‘dolphin-shaped’ by
Brayford (1987). O’Donnell et al. (2015) conducted a multilocus
phylogenetic analysis of the AFC and Euwallacea and found
evidence of repeated host shifts rather than strict co-evolution of
this mutualism.

Freeman et al. (2013) described a new species, F
euwallaceae, based on isolates corresponding to the ambrosia
species symbiotic with the Euwallacea sp. #1 sensu O’Donnell et
al. (2015), which causes serious damage to avocado production
in Israel and California, USA (Mendel et al. 2012, Eskalen et al.
2013). Fusarium euwallaceae is closely related morphologically
to F. ambrosium, but it can be distinguished from the latter by
the abundant production of bluish to brownish sporodochial
conidia that form greenish masses on PDA after 1 mo in culture,
together with hyaline conidia. To date only three of the 16
species within the AFC have been described formally (Kasson
et al. 2013, O’Donnell et al. 2015, Na et al. 2018). Similar to
E. validus, Euwallacea sp. #1 also carries additional symbiotic
fungi, Graphium euwallaceae and Paracremonium pembeum
(Freeman et al. 2016, Lynch et al. 2015). Recently, PCR
multiplexes were developed to discriminate Fusarium symbionts
of invasive Euwallacea ambrosia beetles that inflict damage on
numerous tree species throughout the United States, including
F. euwallaceae and F. kuroshium along with four unnamed AFC
species-level lineages: AF-3, AF-4, AF-6 and AF-8 (Short et al.
2017). One of the undescribed species, which was informally
referred to as Fusarium sp. AF-4, is cultivated by the ambrosia

beetle E. validus primarily in Verticillium wilt-stressed and
dying stands of A. altissima, as well as from Verticillium wilt-
stressed Acer pensylvanicum (striped maple), Aralia spinosa
(devils walkingstick) and Rhus typhina (staghorn sumac) in
south-central Pennsylvania, USA (Schall & Davis 2009, Kasson et
al. 2013, 2015). In the present study, this species is described
as F. oligoseptatum sp. nov. based on a comparison with F.
ambrosium (AF-1) and F. euwallaceae (AF-2) (Kasson et al. 2013,
Freeman et al. 2013). In addition, because type material for F.
ambrosium was not designated (Gadd & Loos 1947), or appears
to have been lost (Nirenberg 1990), a line-drawing of a clavate
conidium of the species from Gadd & Loos (1947) was selected
as the lectotype. Furthermore, an epitype was prepared from
an authentic strain of this species to stabilize its taxonomy,
according to the International Code of Nomenclature for algae,
fungi and plants (ICN, the Melbourne Code; McNeill et al. 2012).

MATERIALS AND METHODS
Fungal isolates and type specimens

Fusarium strains examined in this study (Table 1) are stored
in the Agriculture Research Service Culture Collection (NRRL),
National Center for Agricultural Utilization Research (NCAUR),
U.S. Department of Agriculture in Peoria, lllinois, USA. These
strains were originally isolated from Euwallacea ambrosia beetles
and their galleries, or from host trees showing extensive borer
damage (Kasson et al. 2013). The Pennsylvanian strains of F.
oligoseptatum were isolated from E. validus ambrosia beetles
that had colonized A. altissima. Beetles were surface disinfested
for 15 s in 70 % ethanol and then washed three times in sterile
deionized water. Whole beetles or their heads were macerated
using sterile Tenbroek homogenizers (Pyrex, Corning, NY), or
pellet pestles (Fisher Scientific, Hampton, NH), suspensions were
diluted 1:10 and 1:100, and then spread evenly over half-strength
Potato Dextrose Agar (PDA, BD-Difco™, Thermo Fisher Scientific,
Waltham, MA) amended with 100 ppm streptomycin sulfate
(Sigma-Aldrich, St. Louis, MO) as described in Kasson et al. (2013).
Other related ambrosia fusaria or close relatives within the F
solani species complex (O’Donnell et al. 2008) were obtained
from culture collections (Table 1). Isolates used in this study
are available upon request from NRRL (http://nrrl.ncaur.usda.
gov/cgi-bin/usda/), NARO Genebank, Microorganisms Section
(MAFF), Genetic Resources Center, National Agriculture and Food
Research Organization, Tsukuba, lbaraki, Japan (http://www.gene.
affrc.go.jp/about-micro_en.php), and the Westerdijk Institute
(formerly CBS-KNAW Fungal Biodiversity Center), Utrecht, the
Netherlands (http://www.westerdijkinstitute.nl/). Isolates of four
novel Taiwanese AFC species discovered very recently, i.e. AF-13
to AF-16 (Na et al. 2018), were not included in this study.

Holotype and epitype specimens newly prepared from the
selected strains were deposited in BPI, US National Fungus
Collection (https://nt.ars-grin.gov/fungaldatabases/specimens/
specimens.cfm).

Incidence of Fusarium oligoseptatum and other fungi
from Euwallacea validus mycangia across recently
confirmed tree hosts

Mycangial fungal communities were characterized as
previously described by Kasson et al. (2013) for adult female

24 © 2018 Westerdijk Fungal Biodiversity Institute
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Table 1. (Continued).

Equivalent

nos. in other
collections®

Remark

Collector?

Date

Country

Origin

Host plant

Host beetle®

AFCclade # NRRL strain #2
®NRRL: ARS Culture Collection, NCAUR-ARS-USDA, Peoria, IL, USA.

Species

® ATCC: American Type Culture Collection, Manassas, VA, USA; BBA: Biologische Bundesanstalt fiir Land- und Forstwirtschaft, Institut fiir Mikrobiologie (currently Julius-Kiihn-Institut), Berlin, Germany;

CBS: Westerdijk Institute (formerly CBS-KNAW Fungal Biodiversity Center), Utrecht, the Netherlands; FRC: Fusarium Research Center, The Pennsylvania State University, State College, PA, USA; IMI: CABI

Biosciences, UK Centre, Egham, Surrey, UK; MAFF: NARO Genebank, Microorganisms Section, Genetic Resources Center, National Agriculture and Food Research Organization, Tsukuba, Ibaraki, Japan.

¢The five unnamed Euwallacea spp. are distinguished by #1-#5 (O’Donnell et al. 2015). AF-12 was later described as F. kuroshium (Na et al. 2018).

4V. Agnihothrudu, Upari Tea Institute, India; A. Eskalen, Department of Plant Pathology and Microbiology, University of California, Riverside, CA, USA; S. Freeman, Department of Plant Pathology and

Weed Research, Agricultural Research Organization, The Volcani Center, Bet Dagan, Israel; A. Geering, University of Queensland, Brisbane, Australia; M. Kasson, Division of Plant and Soil Sciences, West

Virginia University, Morgantown, WV, USA; R. C. Ploetz, University of Florida, Homestead, FL, USA; J. A. Smith, University of Florida, Gainesville, FL, USA.

FUSE

Fusarium oligoseptatum sp. nov.

beetles that harbor paired pre-oral mycangia. In addition to
F. oligoseptatum, described in this paper, previous studies
revealed that E. validus harbors a second less abundant
symbiont, Raffaelea subfusca (Kasson et al. 2013). To
determine if these trends held across other tree hosts and
geographic locations, E. validus from Ailanthus and 16 other
confirmed tree hosts across seven states were sampled. When
available, a minimum of 10 adult females were included. Log-
extracted females were processed as previously described
(Kasson et al. 2013). Following serial dilution plating of head
macerates, individual fungal colony forming units (CFUs)
were quantified by morphotype and representatives of each
morphotype retained for molecular characterization using
the ITS barcoding gene. Unlike the other fungal morphotypes,
representative fusaria were subjected to an AF-3 / Fusarium
oligoseptatum (AF-4) multiplex PCR recently developed by
Short et al. (2017) to discriminate known Fusarium symbionts
of E. interjectus and E. validus in the eastern U.S.

When comparing the CFUs recovered from individual
beetle heads between the primary symbionts of E. validus, F.
oligoseptatum and R. subfusca, a chi-squared test was performed
across all tree species. To examine if there were differences in
the relative amount of colony forming units (CFUs) recovered
from individual beetle heads between the primary symbionts
of E. validus, F. oligoseptatum and R. subfusca within individual
species, a second chi-squared test was performed for each
individual species. Results of the tests were deemed significant
if p<0.05.

Molecular systematics and biology

Methods for culturing mycelium, DNA extraction, PCR
amplification, DNA sequencing and phylogenetic analyses
followed published protocols (Kasson et al. 2013, O’Donnell
et al. 2015). DNA sequence data included in this study were
deposited in GenBank as JQ038007-JQ038034.

Phenotypic characterization

Strains were grown on PDA and synthetic low-nutrient agar
(SNA; Nirenberg 1990, Nirenberg & O’Donnell 1998) in the
dark, under continuous black light (Black light blue fluorescent
tubes, FL8BL-B 8W/08, Panasonic, Osaka, Japan), or under
an ambient daylight photoperiod. Strains were cultured on
PDA in 9 cm Petri dishes at 20 °C in the dark to characterize
colony color, odor and morphology. Kornerup & Wanscher
(1978) was used as the color standard. PDA cultures were
also used for determining mycelial growth rates in the dark
at eight temperatures (5-40 °C) at 5 °C increments (Aoki et
al. 2015). Culture plates were examined at 1 and 4 d post
inoculation, and radial growth was calculated as arithmetic
mean values per day by measuring 16 radii around the colony.
Measurements of growth rate at different temperatures
were replicated twice, and the data averaged for each strain.
Cultures on SNA were used for examination of microscopic
characters as described by Aoki et al. (2015). Conidia and
conidiophores were examined in water mounts after culturing
on SNA under continuous black light. Phenotypic characters
were compared with data from the related AFC species, F.
ambrosium (published as Monacrosporium ambrosium; Gadd
& Loos 1947), F. bugnicourtii (synonymized as F. ambrosium;
Brayford 1987, Nirenberg 1990), and F. euwallaceae (Freeman

© 2018 Westerdijk Fungal Biodiversity Institute 27



FUS

% Aoki et al.

et al. 2013). To compare the number of conidial septa in strains
of F. oligoseptatum and F. ambrosium, they were incubated on
SNA at 25 °C under continuous black light for one to two weeks
and the number septa in the clavate sporodochial conidia were
counted.

RESULTS

Incidence of Fusarium oligoseptatum and other fungi
from Euwallacea validus mycangia across recently
confirmed tree hosts

Mycangial communities were characterized from adult
female beetles extracted from sixteen native host trees and
Ailanthus (Fig. 1). Overall, F. oligoseptatum and Raffaelea
subfusca comprised 84 % of all fungal CFUs from female
heads across all plant hosts with F. oligoseptatum vyielding
significantly more CFU’s (10 992) compared to R. subfusca
(7 014; p < 0.0001). The remainder included miscellaneous
yeasts and other fungi including Paracremonium sp. and a
putatively novel Graphium sp. (Freeman et al. 2016, Lynch et
al. 2016), as well as a variety of singleton taxa that were not
further characterized. Incidence of the two primary symbionts
from the heads of female E. validus was compared across
and within plant hosts. Overall, significant differences were
detected across hosts indicating that the relative proportion
of the two symbionts varied across hosts with a majority of
beetles from a majority of plant hosts yielding higher counts
of F. oligoseptatum (Fig. 1). Of these, beetles from 11 of the 16
plant hosts, including Ailanthus, had significantly higher total
CFU counts of F. oligoseptatum compared to R. subfusca. Only
five species had a mean percent incidence of F. oligoseptatum
below 50 %: Fraxinus americana (white ash), Pinus virginiana
(Virginia pine), Populus grandidentata (bigtooth aspen),
Quercus montana (chestnut oak), and Amelanchier arborea
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70% - * 2
60% | [ 8 N B E
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40% | 3
30% |
20% |
10% -
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(serviceberry) (Fig. 1). Of these, white ash, Virginia pine, and
chestnut oak had significantly higher total CFU counts of R.
subfusca compared to F. oligoseptatum (Fig. 1).

Molecular phylogenetics

A 4914 bp 31-taxon 4-locus dataset was constructed that
included the internal transcribed spacer region and domains
D1 and D2 of the nuclear ribosomal large subunit (ITS+LSU
rDNA: 1004 bp alignment, 26 parsimony informative characters
(PIC)), and portions of translation elongation factor 1-a (TEF1:
687 bp alignment, 53 PIC), DNA-directed RNA polymerase
Il largest (RPB1: 1588 bp alignment, 164 PIC) and second
largest subunit (RPB2: 1635 bp alignment, 165 PIC) from 12
AFC species. Molecular phylogenetic analyses were conducted
using maximum parsimony (MP) with PAUP v. 4.0b10 (Swofford
2003) and maximum likelihood (ML) with GARLI 2.01 (Zwickl
2006). Sequences of Fusarium neocosmosporiellum (=
Neocosmospora vasinfecta; Geiser et al. 2013) NRRL 22468
and 43467 were used to root the phylogenies based on
more inclusive analyses (O’Donnell et al. 2013). Fusarium
oligoseptatum (AF-4) was poorly supported (MP and ML
bootstrap = 63-56 %) as sister to a clade that included F.
euwallaceae (AF-2) from Israel and California and Fusarium sp.
(AF-3) from Florida. With the exception of F. ambrosium, the
other AFC species represented by two or more strains received
moderate to strong monophyly bootstrap support. The
putative triparential hybrid strain £ ambrosium NRRL 62605
from Sri Lanka (Kasson et al. 2013), however, did not form a
genealogically exclusive group with F. ambrosium from India.
As reflected by poor bootstrap support along the backbone on
the phylogeny, relationships among the species were generally
unresolved (Fig. 2). The analyses did support monophyly of the
AFC and the early diverging subclades designated Clade A and
B (Fig. 2).

281 (ST
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301
602

ACPE ACRU AIAL AMAR ARSP BELE CEOC FAGR FRAM PIVI POGR PRSE QUMO QURU RHTY ROPS TSCA TOTAL
(n=20)(n=2)(n=42)(n=2) (n=2) (n=10)(n=9) (n=7) (n=10) ("=9) (n=8) (n=10)(n=10) (n=9) (n=1) (n=5) (n=10)(n=166)

m Fusarium oligoseptatum

@ Raffaelea subfusca

Fig. 1. Total number of F. oligoseptatum and Raffaelea subfusca CFUs recovered from macerated heads of adult female E. validus from 17 tree hosts.
A significant difference between the two fungal CFUs within a specific host is indicated with an asterisk on the side corresponding to the higher count.
Host plant IDs are based on USDA PLANTS Database (https://plants.usda.gov/java/) abbreviations, which are derived from the first two letters of
the genus and species of the Latin binomial. Abbreviations are as follows: ACPE: Acer pensylvanicum, ACRU: Acer rubrum, AIAL: Ailanthus altissima,
AMAR: Amelanchier arborea, ARSP: Aralia spinosa, BELE: Betula lenta, CEOC: Celtis occidentalis, FAGR: Fagus grandifolia, FRAM: Fraxinus americana,
PIVI: Pinus virginiana, POGR: Populus grandidentata, PRSE: Prunus serotina, QUMO: Quercus montana, QURU: Quercus rubra, RHTY: Rhus typhina,

ROPS: Robinia pseudoacacia, and TSCA: Tsuga canadensis.
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Fig. 2. One of three most-parsimonious trees (MPTs) inferred from a combined 4-gene dataset (ITS + 28S rDNA, RPB1, RPB2 and TEF1) comprising
4914 bp of aligned DNA sequence data. The phylogram was rooted on sequences of Fusarium neocosmosporiellum NRRL 22468 and 43367 based
on more inclusive analyses (O’Donnell et al. 2013). The 12 species within the Ambrosia Fusarium Clade (AFC) are identified as AF-1 through AF-12
using an ad hoc nomenclature (Kasson et al. 2013). Two early diverging monophyletic sister clades are identified as Clade A and B. Numbers above
nodes represent maximum parsimony (MP) and maximum likelihood (ML) bootstrap based on 1000 pseudoreplicates of the data (MP-BS\ML-BS). The
ML-BS value is only shown when it differed by 25 % of the MP-BS value. Note that 10 of the 11 AFC species with two or more strains received strong
monophyly bootstrap support. However, Fusarium ambrosium highlighted in light gray was resolved as non-monophyletic because the interspecific
hybrid strain NRRL 62605 from Sri Lanka did not group with the other strains of this species. The five strains of F. oligoseptatum, formally described
herein, are identified using dark gray highlight. Cl, consistency index; ET, ex-epitype; PIC, parsimony informative characters; Rl, retention index; T,

ex-holotype.

TAXONOMY

Fusarium oligoseptatum T. Aoki, M.T. Kasson, S. Freeman, Geiser
& O’Donnell, sp. nov. MycoBank MB822305. Figs 3-5.

Etymology: oligo- + septatum, based on frequent production of
sporodochial conidia with only 1-2 septa.

Diagnosis: Distinguished from F. ambrosium and F. euwallaceae
by three times as many 0-2-septate sporodochial conidia (i.e.,
>75 % compared with values less than 25% in F. ambrosium and
F. euwallaceae).

Type: USA, Pennsylvania: Dauphin Co., a dried specimen from
a culture of NRRL 62579, isolated from a live female ambrosia
beetle, Euwallacea validus, extracted from a gallery in a tree-
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Fig. 3. Fusarium oligoseptatum cultured on SNA under black light. A, B. Tall and short aerial conidiophores forming mostly 0-septate conidia. C,
D. Short aerial conidiophores forming conidia with relatively few septa. E, F. Sporodochial conidiophores forming clavate conidia with different
septation. G-L. Septate conidia formed on sporodochial conidiophores, with some large clavate conidia (G—I: Short clavate conidia with 1-2 septa).
M. O-septate conidia formed on aerial conidiophores. N=P. Chlamydospores in hyphae (N, O) and in conidia (P). A-D, G, J, N from NRRL 62579 (ex-
holotype); E, H, L, P from NRRL 62580; F, I, K, M, O from NRRL 62581. Bar = 25 pum.

of-heaven, Ailanthus altissima, 30 Jan. 2010, Matthew T. Kasson
(Kasson Bh24) (BP1 910525 — holotype, designated in this study;
NRRL 62579 = FRC S-2581 = MAFF 246283 = CBS 143241 — ex-
holotype cultures).

Additional strains examined: USA: Pennsylvania: Franklin Co., isolated
from a live E. validus female infesting an A. altissima tree, 9 Mar. 2010,
Matthew T. Kasson (Kasson Ch19) (NRRL 62580 = FRC S-2594 = MAFF
246284 = CBS 143242); Pennsylvania: Huntingdon Co., isolated from
a live E. validus female infesting an A. altissima tree, 27 Feb. 2010,
Matthew T. Kasson (Kasson Dh24) (NRRL 62581 = FRC S-2616 = MAFF
246285 = CBS 143243; Pennsylvania: Mifflin Co., isolated from a live E.
validus female infesting an A. altissima tree, 1 July 2009, Matthew T.
Kasson (Kasson Eh11) (NRRL 62582 = FRC S-2627 = MAFF 246286 = CBS
143244; morphologically degenerated strain).

Description: Colonies on PDA showing radial mycelial growth
rates of 2.2—3.6 mm/d at 20 °C and 3.3—-4.6 mm/d at 25 °Cin the
dark. Colony color on PDA white (1A1) to yellowish-white (4A2)
or orange white (5A2) in the dark, white (1A1) to yellowish-
white (3—4A2) or pale yellow (3—4A3) under black light. Aerial
mycelium white (1A1), sparsely formed or floccose in the dark,

more abundantly formed and covering entire surface of colonies
under black light. Colony margin entire to undulate. Reverse
pigmentation absent or yellowish-white (3—4A2) or pale yellow
(3—4A3) in the dark and under black light. Exudates absent. Odor
absent, or slightly moldy or sweet in some strains. Hyphae on
SNA 1.5-7.5 um wide. Chlamydospores present but formation
delayed in hyphae and in septate sporodochial conidia, mostly
subglobose to round ellipsoidal, intercalary or terminal, mostly
single, sometimes in chains, ordinary hyaline to very pale-yellow,
wall smooth or often minutely roughened, 6-23.5 x 4.5-9 um.
Sclerotia absent. Sporulation on SNA and PDA generally rapid and
abundant under black light, delayed in the dark, sometimes less
sporulation on PDA in the dark; light-colored on SNA and PDA
under black light or under daylight; sporodochia formed sparsely
on SNA, rare on PDA. Aerial conidiophores formed abundantly
on SNA under black light, less frequently in the dark, erect,
short or tall and narrow, mostly unbranched, rarely branched
sparsely, up to 130 um long, 3—-5.5 um wide at base, thin-walled,
forming monophialides integrated in the apices. Phialides on
aerial conidiophores simple, subcylindrical to subulate, tapering
towards apex, often with a minute collarette at the tip, 10-62.5 x
2.5-5.5 um. Aerial conidia mostly (1) elliptical, oblong-elliptical,
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Fig. 4. Fusarium oligoseptatum cultured on SNA under black light. A-C, F-H. Aerial conidiophores forming 0-1(-2)-septate conidia. D, E, J-L.
Sporodochial conidiophores forming clavate conidia, often swollen apically with 1-4 septa. I. Round to obovate 0-septate aerial conidia. M—0. Mostly
clavate conidia formed on sporodochial conidiophores, including some 0O-septate that are oblong or short-clavate. P-T. Chlamydospores formed in
hyphae. A-l, K, M, N, Q-S from NRRL 62579 (ex-holotype); J, O, P, T from NRRL 62580; L from NRRL 62581. (A—E: Aerial view without a cover slip; F-T:

Mounted in water with a cover slip). Bars: A—E = 50 um, F-T = 20 um.

fusiform-elliptical to short clavate, occasionally reniform, some
obovate to subglobose, 0-1(-2)-septate; 0-septate on SNA in the
dark: 3—13 x 2-5.5 pum in total range, 5.3—8.5 x 2.8-3.9 um on
average [ex type (NRRL 62579): 3.5—12 x 2—4 um in total range,
6.9+2.0 x 2.84£0.5 um on average + S.D.]; O-septate on SNA under
black light: 3-17 x 2-6.5 um in total range, 6.0-9.0 x 2.8-3.8

um on average [ex type (NRRL 62579): 4-17 x 2.5-6.5 um in
total range, 9.0+2.8 x 3.8+0.9 um on average + S.D.]; 1-septate
on SNA under black light: 7.5-26 x 2.5-8 um in total range,
14.5-15.3 x 4.6—4.9 um on average [ex type: 10.5-21.5 x 2.5-6
um in total range, 15.1+2.7 x 4.6+0.7 um on average * S.D.];
sometimes with (2) larger, falcate to clavate, or curved cylindrical,
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(mm/d)

Fig. 5. Radial mycelial growth rate of Fusarium
oligoseptatum per day on PDA cultured at eight
different temperatures. Thick horizontal and
+ vertical bars indicate means and total ranges,
respectively, of the 4 isolates analyzed. All

(1-)2(-3)-septate conidia, morphologically continuous with
falcate sporodochial conidia. Sporodochial conidiophores
generally shorter and thicker than aerial conidiophores,
unbranched or sometimes sparsely branched, contorted,
forming monophialides integrated apically, 20—145 x 3—-6 um,
or sometimes adelophialides. Sporodochial phialides simple,
subulate, lanceolate or subcylindrical, often with a conspicuous
collarette at the tip, 9.5-44 x 2.5-5.5 um. Sporodochial conidia
hyaline, mostly falcate to long clavate, sometimes curved
cylindrical, often swollen slightly or conspicuously in their upper
part, tapering towards base, often with a rounded or papillate
apical cell, and an indistinct foot-like or rounded basal cell,
(0-)1-3(-5)-septate; swollen conidia sometimes ‘dolphin-like’
(Brayford 1987) or comma-shaped when 1- to 2-septate, formed
on SNA frequently under black light, less frequently in the dark,
very rarely formed on PDA under black light; 1-septate on SNA
under black light: 11-32.5 x 4-10 um in total range, 18.2-20.1
x 6.1-7.2 um on average [ex type: 13.5-30 x 4.5-8.5 um in total
range, 19.3+3.9 x 6.2+1.0 um on average + S.D.]; 2-septate on
SNA under black light: 15.5-39.5 x 5.5—-12 um in total range,
24.8-26.5 x 7.4—8.0 um on average [ex type: 22—34 x 5.5-12
um in total range, 26.1+3.2 x 7.4+1.2 um on average * S.D.];
3-septate on SNA under black light: 20-60 x 5.5-12.5 um in
total range, 31.4—35.7 x 8.3—-8.7 um on average [ex type: 23—60
x 5.5-12.5 um in total range, 35.7+7.2 x 8.7+1.3 um on average
+ S.D.]; 4-septate on SNA under black light: 28.5-67.5 x 7-11
um in total range, 38.7-47.9 x 8.8—8.9 um on average [ex type:
28.5—67.5 x 7-10 um in total range, 47.9 x 8.9 um on average].
Together with multiseptate sporodochial conidia, often forming
(0-)1(-2)-septate, oblong to naviculate or short-clavate, straight
or curved conidia with a rounded apex and truncate base.

Clade-based diagnosis: Distinguished by phylogenetic analysis of
multilocus DNA sequence data (Kasson et al. 2013, O’Donnell et
al. 2015).

Substrates or hosts: All ex-holotype and authentic strains
were isolated from E. validus in the galleries of A. altissima in
Pennsylvania (PA), USA. Fusarium oligoseptatum has also been
confirmed using multilocus sequence typing from Ohio (OH),
Virginia (VA) and Maryland (MD) (O’Donnell et al. 2015), and
from Tennessee (TN) and (West Virginia) WV using the AF-3 /
F. oligoseptatum (AF-4) multiplex PCR assay (Short et al. 2017).
Currently known from 16 additional plant hosts, all of which

35 40 (°C)  isolates failed to grow and died at 40 °C.

have been confirmed molecularly as F. oligoseptatum using AF-3
/ F. oligoseptatum (AF-4) multiplex PCR (Short et al. 2017): Acer
pensylvanicum (PA, USA), Acer rubrum (PA, USA), Amelanchier
arborea (VA, USA), Aralia spinosa (PA, USA), Betula lenta (PA,
USA), Celtis occidentalis (WV, USA), Fagus grandifolia (OH, USA),
Fraxinus americana (WV, USA), Populus grandidentata (PA, USA),
Prunus serotina (GA, USA), Quercus montana (PA, USA), Quercus
rubra (PA, USA), Rhus typhina (PA, USA), Robinia pseudoacacia
(PA, USA), Tsuga canadensis (OH, USA), and Pinus virginiana (VA,
USA).

Distribution: Presently confirmed from GA (Georgia), MD, OH,
PA, TN, VA, and WV, USA.

Notes: Morphological data on sporodochial conidia was based
mainly on NRRL 62579, 62580 and 62581. Strain NRRL 62582
appears degenerated and produced only 1-septate sporodochial
conidia after 1 mo on SNA under continuous black light.
Strains of this species were all isolated from female E. validus
ambrosia beetles infesting A. altissima that were collected in
different counties in Pennsylvania, USA. The most distinctive
morphological feature of this fungus is the frequent production
of sporodochial conidia with 1-2 septa (Table 2, Figs. 3E—I, 4E,
J-0). This species formed sporodochial conidia with more than
two septa, but the percentage of 0-2-septate conidia (76.5-81
%) was much higher than observed in . ambrosium (3.7-24.5 %)
and F. euwallaceae (Freeman et al. 2013), where more than 75
% of the conidia were 3-5-septate. Cultures appear whitish to
yellowish-white when aerial mycelium is sparse on PDA.

Fusarium ambrosium (Gadd & Loos) Agnihothr. & Nirenberg,
Stud. Mycol. 32: 98. 1990. MycoBank MB130225. Figs 6-8.
Basionym: Monacrosporium ambrosium Gadd & Loos, Trans.
Brit. Mycol. Soc. 31(1 & 2): 13. 1947. MB288427.

Synonyms: Dactylella ambrosia (Gadd & Loos) K.Q. Zhang, Xing
Z. Liu & L. Cao, Mycosystema 7: 112. 1995. MB447506.
Neocosmospora ambrosia (Gadd & Loos) L. Lombard & Crous,
Stud. Mycol. 80: 227. 2015. MB810957.

Fusarium bugnicourtii Brayford, Trans. Brit. Mycol. Soc. 89 (3):
350. 1987. MB133337.

Type: India, Upari Tea Institute, a dried specimen from culture
of NRRL 22346, isolated from a gallery of Euwallacea fornicatus
infesting a tea tree, Camellia sinensis, 9 May 1990, V. Agnihothrudu
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Table 2. Percentage of clavate sporodochial conidia of Fusarium oligoseptatum and F. ambrosium with different numbers of septa cultured on SNA
under black light at 25 °C.

Percentage of conidia with different numbers of septa

Total number of
Species/strain 0O-septate 1-septate  2-septate 3-septate 4-septate 5-septate 6-septate 7-septate conidia counted

F. oligoseptatum?

NRRL 62579 (ex-holotype) 9.5 41.0 30.5 15.2 1.9 1.9 0 0 105
NRRL 62580 12.1 46.8 20.6 16.8 3.7 0 0 0 107
NRRL 62581 3.8 47.1 25.5 18.9 3.8 0.9 0 106
F. ambrosium

NRRL 20438 0 3.4 5.0 44.5 38.7 6.7 1.7 0 119
NRRL 22345 0 5.9 7.8 255 235 29.5 49 2.9 102
NRRL 22346 (ex-epitype) 0 0 3.7 40.2 46.8 8.4 0.9 (] 107
NRRL 36510 0 0.9 12.3 30.2 43.4 13.2 0 0 106
NRRL 46583 0 4.4 5.3 28.1 44.6 12.3 53 0 114
NRRL 62605 1.0 4.9 18.6 52.0 18.6 49 0 0 102

Fig. 6. Fusarium ambrosium cultured on SNA under black light. A-C. Tall and short aerial conidiophores forming 0-septate conidia. D, E. Short and
tall aerial conidiophores forming septate conidia. F, G. Sporodochial conidiophores forming large clavate conidia. H-J. Clavate multiseptate septate
conidia. K-N. Chlamydospores in hyphae (K-M) and conidium (N). A, E, F, Lfrom NRRL 62605; B, D, H, K, N from NRRL 20438; C, G, M from NRRL 22346
(ex-epitype); | from NRRL 22345; J from NRRL 46583. Bar = 25 um.
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Fig. 7. Fusarium ambrosium cultured on SNA under black light. A-E. Aerial conidiophores forming 0-1(-2)-septate conidia. F-K. Sporodochial
conidiophores forming mostly multiseptate clavate conidia, swollen apically with (2—-)3-5(-6)-septa; (Arrowhead in G:) crescent-shaped conidium
without septa. L. 0—1-septate conidia formed on aerial conidiophores. M. Clavate conidia formed on sporodochial conidiophores. N-Q. Chlamydospores
formed in hyphae. A, L, M, O from NRRL 62605; B, C, E, I, K, N from NRRL 22346 (ex-epitype); D, F-H, J, P, Q from NRRL 20438. (A—E: Aerial view without
a cover slip; F-Q: Mounted in water with a cover slip.) Bars: A—E = 50 pum, F-Q = 20 pum.
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Fig. 8. Radial mycelial growth rate of Fusarium
ambrosium per day on PDA cultured at eight
different temperatures. Thick horizontal and
+ vertical bars indicate means and total ranges,

(BP1910524 — epitype MBT 378232, designated in this study; NRRL
22346 = BBA 65390 = CBS 571.94 = MAFF 246287 — ex-epitype
cultures). Sri Lanka, an illustration of a mature conidium of the
fungus taken from a gallery of Euwallacea fornicatus infesting a tea
tree, Camellia sinensis, C.H. Gadd & C.A. Loos (Trans. Brit. Mycol.
Soc. 31 (1 & 2): 16, Text-fig. 5 (1987) — lectotype, MBT379562,
designated in this study; the original description by Gadd & Loos
(1947) did not designate type material of M. ambrosium and it
was not found in the IMI, K, and BPI herbaria).

Additional strains examined: India, Maharashtra: Chinchona, isolated
from a gallery of E. fornicatus infesting a C. sinensis tree, 17 Jul. 1985,
(unknown collector) (NRRL 20438 = IMI 296597 = MAFF 246291,
preserved as the ex-holotype strain of F. bugnicourtii); (State name
of India not recorded): Upari Tea Institute, isolated from a gallery of
E. fornicatus infesting C. sinensis tree, 9 May 1990, V. Agnihothrudu
(NRRL 22345 = BBA 65389 = MAFF 246288; NRRL 36510 = BBA 65390 =
MAFF 246289 as a duplicate of NRRL 22346); Tamil Nadu: Coimbatore
District, Anamallais, High Forest Estate, isolated from a gallery of E.
fornicatus infesting stem of C. sinensis tree, 26 Mar. 1990, (unknown
collector) (NRRL 46583 = IMI 339338 = MAFF 246290, preserved as F.
bugnicourtii). Sri Lanka, Talawakelle, St. Coombs, Tea Research Institute
of Sri Lanka, isolated from a gallery of E. fornicatus infesting C. sinensis
tree, Mar. 2012, S. Freeman (NRRL 62605).

Description: Colonies on PDA showing radial mycelial growth
rates of 1.9-3.3 mm/d at 20 °C and 3.0-4.5 mm/d at 25 °Cin the
dark. Colony color on PDA white (1A1) to yellowish-white (4A2) in
the dark, white (1A1) to yellowish-white (3—4A2) or pale yellow
(4A3) under black light. Aerial mycelium white (1A1) sparse to
floccose in the dark, more abundantly formed and often covering
entire surface of colonies under black light. Colony margin entire
to undulate. Reverse pigmentation absent or yellowish-white
(3—4A2) or pale yellow (4A3) in the dark and under black light.
Olive (3E—F5-8) to olive-brown (4E—F5-8) spots in some strains
when sporodochia formed on PDA. Exudates absent. Odor
absent, or slightly moldy or sweet in some strains. Hyphae on
SNA 1.5-9.5 um wide. Chlamydospores present in hyphae and
in septate sporodochial conidia, mostly subglobose to round
ellipsoidal, intercalary or terminal, single or often in chains,
hyaline or slightly pale yellow, smooth to often minutely rough-
walled, 5-31.3 x 4.5-13 um. Sclerotia absent. Sporulation on
SNA and PDA generally rapid and abundant under black light, less
abundant in some strains, delayed or sometimes less production

respectively, of the 6 isolates analyzed. All

35 40 (°C) isolates failed to grow and died at 40 °C.

in the dark; generally light-colored on SNA and PDA under black
light or under daylight; sporodochia formed sparsely on SNA,
and rarely on PDA under daylight; olive (3E—F5-8) to olive brown
(4E-F5-8) when produced in mass. Aerial conidiophores formed
abundantly on SNA under black light, erect, short or tall, mostly
narrow but rarely thicker, mostly unbranched, rarely branched
sparsely, up to 320 um long, 2.5-7 um wide at base, thin-walled,
forming monophialides integrated in the apices. Phialides on
aerial conidiophores simple, subcylindrical to subulate, tapering
towards apex, often with a minute collarette at the tip, 15-66 x
2.5-4 um. Aerial conidia typically (1) elliptical, oblong-elliptical,
fusiform-elliptical to short clavate, occasionally reniform, some
obovate, 0—1-septate; 0-septate on SNA in the dark: 3.5-14 x
1.5-7 um in total range, 8.4-9.4 x 2.8-3.3 um on average [ex
epitype (NRRL 22346): 3.5-14 x 2-5.5 um in total range, 9.4+2.4
x 3.240.6 um on average * S.D.]; 0-septate on SNA under black
light: 3.5-22 x 2—7.5 um in total range, 7.8-10.8 x 3.5-4.5 um
on average [ex epitype (NRRL 22346): 4.5-18.5 x 2-7.5 um in
total range, 10.2+2.4 x 4.1+1.1 um on average * S.D.]; 1-septate
on SNA in the dark: 8-26 x 2.5-6.5 um in total range, 13.6-16.3
x 3.7-4.9 um on average [ex epitype: 12-19 x 3.5-5.5 um in
total range, 15.3+1.9 x 4.8+0.4 um on average * S.D.]; 1-septate
on SNA under black light: 8.5-37 x 2.5-10.5 um in total range,
15.3-20.1 x 5.4-6.6 um on average [ex epitype: 10.5-36 x
2.5-10.5 um in total range, 19.3+5.1 x 6.2+1.5 um on average
+ S.D.]; sometimes with (2) larger, falcate to clavate, or curved
clavate, (1-)2(-3)-septate conidia, morphologically continuous
with falcate sporodochial conidia. Sporodochial conidiophores
generally short, unbranched or rarely sparsely branched,
contorted, monophialides integrated apically, 20-61.3 x 3.5-5
um. Sporodochial phialides simple, subulate, lanceolate or
subcylindrical, often with a conspicuous collarette at the tip,
13-60 x 3—6 um. Sporodochial conidia hyaline, mostly falcate
to long clavate, sometimes curved cylindrical, mostly swollen
in the upper part, tapering towards base, often with a round
or papillate apical cell, and a distinct or indistinct foot-like, or
rounded basal cell, swollen conidia often appear “dolphin-like”
(Brayford 1987), (0-)2-5(—7)-septate, formed on SNA under
black light, less frequently in the dark, sometimes formed on
PDA under black light, rarely in the dark; 2-septate on SNA under
black light: 15-61.5 x 3—12 um in total range, 24.7-32.2 x6.9-9.1
Um on average [ex-epitype: 15—-61.5 x 4-10 um in total range,
28.317.8 x 7.8%1.2 um on average * S.D.]; 3-septate on SNA
under black light: 21-57.5 x 3.5-13 um in total range, 34.1-40.4
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x 8.3—10.0 um on average [ex epitype: 30-57 x 7.5-12.5 um in
total range, 40.4+4.9 x 8.8+1.1 um on average * S.D.]; 4-septate
on SNA under black light: 25.5-78.5 x 6-12.5 um in total range,
40.7-45.6 x 8.8—10.4 um on average [ex epitype: 33—78.5 x 7.5—
11.5 um in total range, 45.3+6.1 x 8.8+0.9 um on average +S.D.];
5-septate on SNA under black light: 30-64 x 7-12.5 pum in total
range, 42.9-52.1 x 8.8-10.3 um on average [ex epitype: 37-51.5
x 7.5-12 um in total range, 45.6+£3.7 x 8.8£1.1 um on average
+ S.D.]. Together with multiseptate sporodochial conidia, often
forming (0-)1(-2)-septate, oblong to naviculate or short-clavate,
straight or curved conidia, with a rounded apex and a truncate
base.

Notes: Strain NRRL 62605 did not form conidia on SNA or PDA in
the dark. Therefore, the description of conidia in the dark was
based on the three other strains examined in this study. All of
the strains studied were isolated from galleries of E. fornicatus
infesting C. sinensis trees in India and Sri Lanka. Fusarium
ambrosium was originally isolated from E. (Xyleborus) fornicatus
galleries in stems of Chinese tea and caster-oil trees in Sri Lanka,
and was described as a new species of Monacrosporium, i.e.,
M. ambrosium by Gadd & Loos (1947). Forty years later, it was
redescribed by Brayford (1987) as F. bugnicourtii based on
collections from beetle galleries in Chinese tea in India and borer-
damaged Hevea brasiliensis and Theoborma cacao in Malaysia.
Brayford (1987) considered F. bugnicourtii to be conspecific
with F. tumidum var. coeruleum (Bugnicourt 1939) isolated
from H. brasiliensis, but distinct from F. tumidum. Fusarium
bugnicourtii was recognized as conspecific with Gadd and Loos’
species, M. ambrosium from the shot-hole borer on tea, and
synonymized under the new combination, F. ambrosium based
on its nomenclatural priority (Nirenberg 1990). Because type
material of M. ambrosium (= F. ambrosium) was not designated
in the original description by Gadd & Loos (1947) and not found
in the IMI, K, and BPI herbaria, we selected a line-drawing
(illustration) of a conidium from Gadd & Loos (1947) as the
lectotype, according to Art. 9.2 and 9.3 of the ICNafp (McNeill
et al. 2012). To supplement the lectotype, BPl 910524, a dried
culture of NRRL 22346 (= BBA 65390 = CBS 571.94), isolated
from a gallery of E. fornicatus infesting C. sinensis in India by V.
Agnihothrudu, was selected as the epitype according to Art. 9.8
of the code. Because an authentic strain of £. ambrosium, IMI
296597 (= NRRL 20438), isolated from E. (Xyleborus) fornicatus
galleries in tea tree from India in 1985, was designated as the
holotype of F. bugnicourtii by Brayford (1987), this material was
not selected for the epitype, per Art. 52.1 and 52.2 of the ICN
(McNeill et al. 2012). Although NRRL 62605 was isolated from
an E. fornicatus gallery in Sri Lanka from the same host and type
locality, it was not selected as the epitype because it appears to
be an interspecific hybrid that contains alleles from what appear
to be two other AFC species (Kasson et al. 2013). The present
epitypification was prepared to stabilize the taxonomy of this
species.

Fusarium ambrosium is most similar morphologically to £
euwallaceae (Freeman et al. 2013, Kasson et al. 2013). Fusarium
ambrosium and F. euwallaceae produce very similar falcate to
clavate, septate sporodochial conidia that are swollen in their
upper half, together with ovoid to ellipsoid, 0-septate aerial
conidia. The conidial sizes and number of septa of these two
fusaria are almost identical (Table 2, Figs 6, 7; Freeman et al.
2013). However, F. ambrosium and F. euwallaceae can be
distinguished by the production of hyaline or olive to olive-

brown conidia when old in the former and bluish to greenish
conidia in the latter when produced in mass on PDA after 1 mo
(Freeman et al. 2013). Production of sporodochial conidia in
F. euwallaceae is easily observed on SNA and PDA in the dark
and under black light, but in £. ambrosium it is often delayed or
limited without black light illumination, even if cultured on SNA.

A preliminary morphological comparison of the sporodochial
conidia for 10 of the 12 AFC species has been conducted (T. Aoki
et al. unpubl.). Ten of the species produced clavate sporodochial
conidia that were swollen apically, and two, including AF-6
associated with Euwallacea sp. #2 in avocado in the Miami-
Dade area of southern Florida, USA and AF-9 from Xyleborus
ferrugineus in Costa Rica and Delonix regia (royal poinciana)
in southern Florida only produced curved fusiform, septate
sporodochial conidia in culture, as commonly observed in
typical members of the F. solani species complex. Three novel
AFC species that were reported recently (O’Donnell et al. 2015,
Na et al. 2018), including AF-10 from Singapore, AF-11 from
Sri Lanka, and AF-12 (= F. kuroshium) from San Diego County,
California, produced clavate sporodochial conidia in culture.

The available data suggests that most of the AFC species
might possess diagnostic phenotypic characters. For example,
AF-3 ex Euwallacea interjectus infesting Acer negundo in
Gainesville, Florida produced sporodochial conidia that were
variable in size and shape; AF-5 from Malaysia ex Hevea
brasiliensis produced the shortest sporodochial conidia when
comparing those with the same number of septa produced by
the members of the AFC; AF-7 from Euwallacea sp. #3 ex Persea
americana in Australia produced sporodochial conidia that
were densely and/or obliquely septate; AF-8 from Euwallacea
sp. #2 ex avocado in the Miami-Dade area of southern Florida
appeared to be unique in that it is the only AFC species that
produced swollen clavate and curved fusiform sporodochial
conidia (Kasson et al. 2013); AF-10 from Singapore produced
clavate sporodochial conidia that were narrower than conidia
of other AFC species with the same number of septa; AF-
11 ex E. fornicatus in Chinese tea from Sri Lanka produced
sporodochial conidia that were frequently pointed and curved
or hooked to one side; F. kuroshium AF-12 ex Euwallacea
sp. #5 from Platanus racemosa (California sycamore) and
several other woody hosts in San Diego County, California
was distinguished by the production of clavate sporodochial
conidia together with crescent- or comma-shaped conidia (T.
Aoki et al. unpubl.). By way of contrast, AF-6 ex Euwallacea sp.
#2 in avocado in the Miami-Dade area of Florida and AF-9 from
Costa Rica and the Miami-Dade area of Florida only produced
curved cylindrical multiseptate conidia and elliptical to oblong
aerial conidia (Kasson et al. 2013). However, the sporodochial
conidia formed by AF-9 are atypical of the F. solani species
complex because they were pointed at both ends, terminating
in a short apical beak and a conspicuous foot-like basal cell.
Detailed studies will be required to assess whether AF-6 and
AF-9 possess morphological characters that distinguish them
from other members of the F. solani species complex.

DISCUSSION

The AFC symbiont cultivated by the ambrosia beetle Euwallacea
validus in Ailanthus altissima in eastern U.S. is formally described
herein as Fusarium oligoseptatum. Sampling across 7 eastern U.S.
states and 17 tree hosts confirmed that F. oligoseptatum is the
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primary symbiont of E. validus and dominant, regardless of plant
host with few exceptions. This species can be distinguished from
the 11 other known AFC species by producing significantly more
0—2-septate clavate sporodochial conidia that are swollen apically
and via multilocus molecular phylogenetics where it was strongly
supported as a genealogically exclusive species-level lineage in the
analyses reported here and in previous studies (Kasson et al. 2013,
O’Donnell et al. 2015, Na et al. 2018). Fusarium oligoseptatum
was strongly supported as a reciprocally monophyletic sister to
F. euwallaceae + Fusarium sp. (AF-3) in Kasson et al. (2013), but
the sister group relationship of F. oligoseptatum was unresolved
in analyses that included the closely related F. kuroshium (AF-12)
from San Diego, California (O’Donnell et al. 2015, and present
study). Efforts to develop a robust hypothesis of evolutionary
relationships among these four AFC species, which are estimated
to have shared a most recent common ancestor approximately 1.6
Mya (O’Donnell et al. 2015), might benefit from the comparative
phylogenomic analyses that are currently underway (Stajich et al.,
pers. comm.).

Herein, an epitype of . ambrosium was designated based
on material originally isolated from a gallery of E. fornicatus
infesting Chinese tea in India to provide nomenclatural stability
for this species. AFC species have been collected in eight different
countries, including Sri Lanka (F. ambrosium AF-1 and Fusarium
sp. AF-11), India (F. ambrosium AF-1), Malaysia (Fusarium sp.
AF-5), Singapore (Fusarium sp. AF-10), Australia (Fusarium sp.
AF-7), Israel (F. euwallaceae AF-2), Costa Rica (Fusarium sp. AF-
9) and the United States (F. euwallaceae AF-2, Fusarium sp. AF-
3, F. oligoseptatum AF-4, Fusarium spp. AF-6, AF-8, AF-9 and F.
kuroshium AF-12)(Brayford 1987, Nirenberg 1990, Freeman et
al. 2013, Kasson et al. 2013, O’Donnell et al. 2015, Short et al.
2017, Na et al. 2018). To date only three species within the AFC
have been described formally, i.e., . ambrosium (AF-1; Gadd &
Loos 1947, Nirenberg 1990), F. euwallaceae (AF-2; Freeman et al.
2013) and F. oligoseptatum (AF-4; in this study). Although nine of
the AFC species are currently unnamed, the prospects for naming
them are excellent because most of them appear to possess
unique phenotypic/morphological features. Delimitations of
such features may, in time, help to uncover the mechanisms
underlying the production of clavate conidia, a posited
adaptation for the Euwallacea - Fusarium symbiosis (Kasson et
al. 2013). Indeed, analogous adaptations in agaricalean fungi
(i.e., gongylidia) farmed by higher and occasionally lower attine
ants (Schultz & Brady 2008, Masiulionis et al. 2014) also appear
to exhibit variation among closely related lineages. However,
quality of the substrate, pH, and temperature have also been
shown to affect the growth and size of gongylidia in some higher
attine ant cultivars when cultivated under lab conditions (Powell
& Stradling 1986).

It remains unclear whether F. ambrosium, F. euwallaceae,
or F. oligoseptatum are each farmed by a single Euwallacea
species, including within their native range, where evidence
of hybridization and co-cultivation with other closely related
AFC members have been reported (O’Donnell et al. 2015).
However, it has been shown that F. euwallaceae from avocado
is obligately required for the survival and development of
Euwallacea sp. #1 sensu O’Donnell et al. (2015) currently
occurring in Israel, whereas F. ambrosium does not support
development of this beetle species (Freeman et al. 2012).
Likewise, specificity exists for . ambrosium and its beetle
host. Future studies focused on vector specificity could help
clarify the threats these beetle-fungus consortia pose to our

native ecosystems. This is especially important given that some
AFC members such as F. euwallaceae have caused significant
damage to orchard, landscape and forest trees and threaten
avocado production worldwide (Mendel et al. 2012, Eskalen
et al. 2013, Kasson et al. 2013), while other AFC members
such as F. oligoseptatum appear to be quite innocuous when
challenged against numerous plant species (Berger 2017).

The FSSC includes over 60 species (Zhang et al. 2006,
O’Donnell et al. 2008, Short et al. 2013), a majority of which
lack formal Latin binomials thus making it difficult to link
specific plant diseases with specific phylogenetic species
within the FSSC, including the AFC (Montecchio et al. 2015).
The designation of formal Latin binomials for a majority of
phylogenetic species within the FSSC coupled with recent
abolishment of the dual system of fungal nomenclature will
likely reduce confusion surrounding molecular identification of
taxa within this large species complex. Nevertheless, the use of
multilocus phylogenetic studies will remain the gold standard to
discriminate closely related members in the FSSC.

Another avenue to further resolve these closely related
phylogenetic species is to examine functional differences among
closely related AFC. A recent study by Kasson et al. (2016)
assessed the enzyme activity and wood degrading capacity of
F. oligoseptatum and R. subfusca, the two known symbionts
of E. validus in the eastern U.S. Polyphenol oxidase production
was detected from F. oligoseptatum but not R. subfusca. An
earlier study by Norris (1980) on AFC member Fusarium sp. AF-9
revealed this fungus was capable of degrading lignin. Further
enzymatic studies among closely related AFC may compliment
morphological and phylogenetic studies within the Euwallacea -
Fusarium mutualism, revealing significant differences in enzyme
activity. This is particularly important given recent studies
by Aylward et al. (2015) that showed a diverse but consistent
set of enzymes present in gongylidia, which are essential for
initial degradation of plant substrates in the leaf-cutter ant-
Leucoagaricus mutualism.

The results of this study suggest that many of the unnamed
AFC species like F. oligoseptatum possess unique phenotypic/
morphological features, which will facilitate formal description
of these economically important pathogens. Phenotypic/
morphological studies on the four additional AFC species from
Tawain (Na et al. 2018) are, therefore, also fully expected. Our
ongoing research is focused on advancing the systematics of
the AFC to promote accurate communication within the global
scientific community.
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Key words: Abstract: The genus Tubakia is revised on the basis of morphological and phylogenetic data. The phylogenetic affinity
Ascomycota of Tubakia to the family Melanconiellaceae (Diaporthales) was recently postulated, but new analyses based on sequences
DNA phylogeny retrieved from material of the type species of Tubakia, T. dryina, support a family of its own, viz. Tubakiaceae fam. nov.
epitypification Our phylogenetic analyses revealed the heterogeneity of Tubakia s. lat. which is divided into several genera, viz., Tubakia s.

key str., Apiognomonioides gen. nov. (type species: Apiognomonioides supraseptata), Involutiscutellula gen. nov. (type species:

systematics Involutiscutellula rubra), Oblongisporothyrium gen. nov. (type species: Oblongisporothyrium castanopsidis), Paratubakia gen.
Tubakiaceae nov. (type species: Paratubakia subglobosa), Racheliella gen. nov. (type species: Racheliella wingfieldiana sp. nov.), Saprothyrium
24 new taxa gen. nov. (type species: Saprothyrium thailandense) and Sphaerosporithyrium gen. nov. (type species: Sphaerosporithyrium

mexicanum sp. nov.). Greeneria saprophytica is phylogenetically closely allied to Racheliella wingfieldiana and is therefore
reallocated to Racheliella. Particular emphasis is laid on a revision and phylogenetic analyses of Tubakia species described from
Japan and North America. Almost all North American collections of this genus were previously referred to as T. dryina s. lat.,
which is, however, a heterogeneous complex. Several new North American species have recently been described. The new
species Sphaerosporithyrium mexicanum, Tubakia melnikiana and T. sierrafriensis, causing leaf spots on several oak species
found in the North-Central Mexican state Aguascalientes and the North-Eastern Mexican state Nuevo Ledn, are described,
illustrated, and compared with similar species. Several additional new species are introduced, including Tubakia californica
based on Californian collections on various species of the genera Chrysolepis, Notholithocarpus and Quercus, and T. dryinoides,
T. oblongispora, T. paradryinoides, and Paratubakia subglobosoides described on the basis of Japanese collections. Tubakia
suttoniana nom. nov., based on Dicarpella dryina, is a species closely allied to T. californica and currently only known from
Europe. Tubakia dryina, type species of Tubakia, is epitypified, and the phylogenetic position and circumscription of Tubakia
are clarified. A revised, supplemented key to the species of Tubakia and allied genera on the basis of conidiomata is provided.
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Dedicated to Vadim Alexandrovich Mel’nik (*16 March 1937, 110 April 2017).

INTRODUCTION

Tubakia species are endophytes in leaves and twigs of many
tree species, but can also cause conspicuous leaf symptoms as
plant pathogens (Cohen 1999, Gonthier et al. 2006, Hashizume
et al. 2008, Sieber 2007). Obvious leaf spots are dotted with
minute punctiform conidiomata (pycnothyria) composed of
convex scutella with radiating threads of cells fixed to the
substratum by a central columella, mostly surrounded by a

sheath of small fertile cells that give rise to one-celled, phialidic
conidiogenous cells. The conidia are globose, subglobose,
ellipsoid, broad ellipsoid-obovoid to subcylindrical or somewhat
irregular in shape, aseptate, hyaline, subhyaline to pigmented.
The conidiomata and the conidia are distinct and readily allow
identification to generic level. Other fungal fruiting structures
including crustose-pycnidial conidiomata on overwintering
twigs that open by lateral to irregular dehiscence or sporodochia
formed on leaf veins (Holdenrieder & Kowalski 1989, Harrington
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et al. 2012) may also be formed and have been described for
T. dryina and T. jowensis. Some species produce a second type
of much smaller conidia (microconidia), either in “normal”
pycnothyria or in separate, mostly smaller pycnothyria. Reports
of the occurrence and sporulation of Tubakia dryina as a saprobe
on necrotic tissue caused by other fungi (Munkvold & Neely
1990) are unconfirmed and need further study and clarification.

Tubakia was previously assigned to the Diaporthales within
Ascomycota (Yokoyama & Tubaki 1971, Yun & Rossman 2011). In
a more detailed study on its phylogenetic affinity and position
in the hierarchical system of the Ascomycota, Senanayake
et al. (2017) placed Tubakia in the newly introduced family
Melanconiellaceae. The sexual morph of “T. dryina” has been
referred to as Dicarpella dryina (Belisario 1991). However, D.
dryina is not the type species of Dicarpella, and at least one
species, Dicarpella quercifolia was linked to Mastigosporella
hyalina (= Harknessia hyalina; Barr 1979, Nag Raj & Di Cosmo
1981, Rossman et al. 2015). Dicarpella quercifolia, together
with D. georgiana, were subsequently reallocated to the genus
Wuestneiopsis (Reid & Dawsett 1990). The relation and synonymy
of Dicarpella and Tubakia are, however, unclear. Clarification
requires phylogenetic data for D. bina, the type species of this
genus, which is only known from the type collection.

Saccardo (1913) introduced the genus Actinopelte for A.
japonica, a scutellate fungus found in Japan on Castanea crenata
(= C. pubinervis). Saccardo (/.c.) confused the large conidia of this
species with asci, which was clarified and corrected by Theissen
(1913:509) who provided a detailed discussion, description, and
illustration (Theissen 1913: 508, fig. VI) of A. japonica. Héhnel
(1925) revisited Actinopelte, added a new species, A. americana,
and introduced the new combination A. dryina, based on
Leptothyrium dryinum. Yokoyama & Tubaki (1971) discussed the
history of this genus in detail, published results of comprehensive
examinations of Japanese collections in vivo and in vitro, and
described A. castanopsidis, A. rubra, and A. subglobosa based
on Japanese collections. Since Saccardo’s Actinopelte turned
out to be illegitimate (Art. 53.1, later homonym of Actinopelte
Stitzenb. 1861), Sutton (1973) introduced the replacement
name Tubakia and reallocated all species recognised and
treated in Yokoyama & Tubaki (1971) to this genus. Three
additional Tubakia species have subsequently been described:
T. seoraksanensis (Yun & Rossman 2011), T. iowensis (Harrington
et al. 2012), and T. chinensis (Braun et al. 2014). So far, all
European collections in the genus Tubakia have been assigned
to a single species, T. dryina, whereas in Asia this genus has a
much higher degree of species diversity. Additional undescribed
species from Asia were predicted, and were detected in the
course of the present studies. Braun et al. (2014) described
and illustrated T. chinensis on Castanea henryi, a species with
very large pycnothyria (135-200 um diam), and globose to
subglobose conidia. Based on its very small scutella, Braun et
al. (2014) described and illustrated a second Tubakia species on
Castanea henryi in China, tentatively referred to as Tubakia sp.
The recently introduced Tubakia thailandensis (Senanayake et
al. 2017) is morphologically very close to the Chinese collection
on Castanea henryi and could be conspecific. According to
Harrington et al. (2012), Japanese specimens referred to as T.
dryina in Yokoyama & Tubaki (1971) do not belong to T. dryina
s. str. The phylogeny of the Asian species of Tubakia has not yet
been determined. Boron & Grad (2017) examined numerous
Polish strains referred to as T. dryina and found two different
ITS groups designated as haplotypes. The diversity of Tubakia

species in North America is not well known, although it is likely
to contain more than just the single species listed in various
publications as T. dryina. North American collections assigned to
T. dryina are undoubtedly heterogeneous, i.e., T. dryina in North
America is a complex of cryptic species (Harrington et al. 2012).
An important contribution to resolve problems around the
diversity of the T. dryina complex in North America has recently
been published by Harrington & McNew (2018), including several
new species based on US collections. Several Tubakia samples
recently collected in Mexico on endemic oaks appear to be
morphologically similar to T. dryina but are sufficiently distinct
to suggest that they are undescribed species. A Tubakia causing
serious oak diseases in California also appears to represent an
additional undescribed species. Therefore, the present study
presents a comprehensive examination and revision of Tubakia
spp. in North America and worldwide, based on in vivo and in
vitro morphological analyses as well as phylogenetic data. This
work has been accomplished in collaboration by an international
group of mycologists and phytopathologists from Asia, Europe
and North America.

MATERIALS AND METHODS
Isolates

Isolates included in this study were obtained from symptomatic
leaves of diverse hosts, and identified as species of Tubakia
based on primarily the presence of pycnothyrial conidiomata
and aseptate conidia. In addition, several isolates were obtained
from the culture collection of the Westerdijk Fungal Biodiversity
Institute (CBS culture collection), in Utrecht, The Netherlands,
the CDFA Plant Pathogen Collections (CDFA), Sacramento, USA,
and from the working collection of Pedro Crous (CPC), housed
at the Westerdijk Institute. Japanese isolates were obtained
from NBRC (National Institute of Technology and Evaluation,
Culture Collection Division, Chiba, Japan) and examined by
C. Nakashima. Single conidial colonies were established from
sporulating conidiomata on Petri dishes containing pine needle
agar (PNA) (Smith et al. 1996), 2 % malt extract agar (MEA),
potato-dextrose agar (PDA), and oatmeal agar (OA) (Crous
et al. 2009b), and incubated at 22 °C under continuous near-
ultraviolet light to promote sporulation. Descriptions of culture
characteristics on Czapek agar and potato sucrose agar refer to
Yokoyama & Tubaki (1971). The cultures included in this study
are listed in Table 1.

DNA extraction, amplification (PCR) and phylogeny

Fungal mycelium of strains (Table 1) was harvested with a sterile
scalpel and the genomic DNA was isolated using the Wizard®
Genomic DNA Purification Kit (Promega Corporation, WI, USA)
following the manufacturers’ protocols. Four partial nuclear
genes were subjected to PCR amplification and sequencing:
28S nrRNA gene (LSU), internal transcribed spacer regions and
intervening 5.8S nrRNA gene (ITS) of the nrDNA operon, beta-
tubulin (tub2) and translation elongation factor 1-alpha (tef1)
using the primers listed in Table 2. The PCR amplifications
were performed on a GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, CA, USA). The PCR mixtures consisted of
1 uLgenomic DNA, 1x NH4 reaction buffer (Bioline, Luckenwalde,
Germany), 2=5 mM MgCL, (ITS: 2.5 mM, LSU: 5 mM, rpb2 and

42 © 2018 Westerdijk Fungal Biodiversity Institute



v
w

The genus Tubakia s. lat.

SOAB3| ¢T0¢C “elN T-¢SOTDIN = pauAydoudos buauaaiD

- - - SE6TCOMN €€6TCOM puejieyl  pesap ‘wiwnd wnibAzAs T¢ ‘ununsesiyiduel N 100d0x386C0—CT DIDNT4IN ponAydoidps pjjaijayony
€VE6 DHAN = saplosoqojbgns

T679L6OWN  96TC6SOWN  V0TZ6SOW O0TOC6SOW  ST6T6SON ueder 0onoI6 sN24aNY  0L6T "934 LT ‘eweA0yoA 'L oyognining j0 adAaE6CCIDNIN saplosoqolbgns biypgNILIDG
T€68 JDYAN = 0TECIININ
= 96SLST INI=T€68 04l =
je9| V/.¥CC D1V = G89V = psoqojbgns
0679L6OIN  S6TC6SOIN  E0TC6SOIN 600¢6SON  YI6T6SOIN ueder peap ‘vanoib sn24anp  896T "Ue[ O ‘eWeAONOA 'L ayjadounoy o adkixa T L €E6T SED
¥€6 D4aN

6879L6OWN  ¥6TC6SOW  COTCZ6SOWN 800C6SOWN  E€T6T6SON ueder 0onob sn24anY  0L6T 934 LT ‘eweAoyoA 'L =TTECIONIN = €EELYCT SAD bsoqo|bqns p1yoqnILIDd
€9¢6
J4dN = 68¢CIJONN = 86SLST
INI'=€9¢6 04l = 0LVCC
jes| peap D01V =989V = sipisdounispa
VSV9L6OIN  CETC6SOIN  8E0C6SOIN EV6T6SODIN  0SBT6SOIN ueder  ‘piopidsna sisdoupisp)  0L6T “Uer £ ‘ewelodo, ‘L ayjadounsy o adkixa T L 68T SED
0L6T 976 J4dN

€SV9L6OWN  TETC6SOW  LEOC6SOW  CV6T6SOWN  6V8T6SON ueder  popidsna sisdoubisp) eI\ 97 ‘eweA0yOA 'L =88CTIDNIN = TELYZT SAD  SIpisdoupisnd winiiAyiolodsibuoiqo
LOVE€ DSdN = wnaipub|ua0.b

- 9GS8/48NM  ¥SS8L8NM  €9S8/8NM  7SS8L8NM puejuaalo s8IM1 ‘bupbu piniag 166T "IN ‘uyog "N wnpayroidpy y0 20ia0S9TT SED D2IpUD|U04D SIUOIUDIIIN
€879L6OWN  S8TT6SOWN  €60C6SON 000C6SON  906T6SON ueder  saproaviAjjiyd snaianp  0L6T 8Ny T ‘ewelodo, ‘L TL€6 D4GN = 60€ZIONIN

0L6T
T8V9L6ON  ¥8TT6SON  T60T6SON  666T6SOIN  SO6T6SON ueder  sapjoapiAjjiyd snasanp Aen 62 ‘ewehdoxo, oL L£76 D4AN = 80€CIININ
T8V9L6DOW  €8TC6SOW  T60C6SOWN 866T6SON  06T6SON ueder  saploavshjjiyd snaianp  0L6T 1AV T ‘eweloyo; ‘L 9/76 DY4AN = LO0ECIONN
08%79L65N — 060C¢6SODIN L66T6SODIN  €06T6SOIN ueder  saploan.Ajiyd snauanp  0L6T "Uer LT ‘eweAOdOA ‘L G476 J¥9N =90€ZO0NIN
6LV9L6DOW  C8TCZ6SOWN  680C6SON 966T6SON  CO6T6SON ueder  saploanJAjiyd snauanp  0L6T "Uer LT ‘eweAodoA ‘L .26 D49N = S0ECIONN
L6SLST INI
Jes| Suin| = €/¥TT DIV = €476 JHEAN
8LV9L6ON — 880C6SOIN S66T6SOIN  TO6TE6SOIN ueder ‘saploan.Ajjiyd snaianp  696T 190 8T ‘BWBADOA ‘L = bugna oogny g0 sdkxa?OECIDININ
Je3| peap

LLYOLE6OW  T8TC6SOW  LB80C6SOWN ¥66T6SOWN  006T6SON ueder ‘sapoan.Ajiyd snaianp  696T "uUN[ £ ‘eweAOdOA L CL76 J49N = €0€ZOONIN
TL76 D4GN = C¢0ECOONIN
jes| pesap =TL26 Odl = ¥89V = vigns

9/V9L6OIN  08TC6SODIN  980C¢6SOIN €66T6SODIN  668T6SOIN ueder ‘saploan.Ajjiyd snaianp 96T "uUnf L ‘eWeAOMOA ‘L ayjadounsy o adkosixaTL C6T SED paqnJ binjjanasgnjonu]
¥200L
IWL = LEL8S JI1V = ovordaspidns

- - - wqthmw_\/_ N.V.V@Nmo_\/_ Cmﬂm_. GUBG\@ MBU\NBO Ov_wcmv_ m pluowouboidy jo m&:.xuNm.wa mmu GwGwQNwG\QJM hmﬁ.\O.\EOEOCmO.\Q‘\

zqd4 zqm 1fa1 ns1 Sll Anuno) (asoy a1ep (s)1aquinu aweu sajdads

AJaquinu uoissadde yueguan

Suipnjpui) ajensqns

uopI3||0) pue 103I3||0)

uoissadde ainjjn)

"ApN3s SIY1 Ul PaISPISUOI S23.|OS| D)1|-BI}EGN] PUB DIYPGN O SISGUWINU UOISSIIE Jueguao pue s|ie3ap uonda|od *T d|qeL

43

© 2018 Westerdijk Fungal Biodiversity Institute



Braun et al.

v
w

eluiojljeg ¢10¢
— CTTC6SOW  8TOC6SOIN €CE6T6SOIN  0EBTESOIN vsn pijoflibo snasany  ady £z ‘weyiel-Asuooy 'S L00TH#V4dD = L6VTE OdD
eluioyljed c1o¢
0SY9L6OW  TTTC6SOIN  LTOC6SOWN CC6T6SON  6C8T6SOIN VSN pijoflibo sn2sanp  udy € ‘weyie]-Asuooy 'S €66#V4dD =96VTE€ 2dD baojuI0fjp2 DIYOGN]
An:c&\mEa
Aosiar jods €881 '3ny opogny Jo adhonan@1YIIE| DDA X3
- - - - €90S095N MON YSN  Jed| ‘Dau2202 sn2Jany - “Weytsnl NG R sljj3 g 98724 383 AN) 24n3nd ou
10ds Je3|
- - TLSE09SIN - 7905095\ EMO] 1SN ‘odupa0.1o0w sn21anY TTOZ '20 ¢T M3NIN °'d 8STTV = €SELET SAD
- - HOL - HOL EMO| 1SN 8Im3 ‘pagnJ snaianp TTOT 1dy 9 ‘MaNIIN “d LOOTY = 0SELET SAD
10ds je3|
6V79L6OW  CSTCE6SOIN  8SO0C6SOIN  996T6SON  €L8T6SOIN EMO]| 1SN ‘pdupa0.100W $N213NY 600¢ "unf 0T ‘MaNIIN "d  Z1-€HE = 67/V = ¥T06CT S9D
- - HOL - HOL EMO] 1SN 10]021q $n213nD - Sv8v
- - - - HOL emo| :ysn 10/021q sN213nYD - 8V
- - - - HOL emo| :ysn pdipa0o0W sN213NYH - 6¢8Y
ulooe
- - - - HO1 eMO| 1SN ‘Dd1D2042DW SN2IANYD - 8y
- - HOL - HOL EMO| 1¥SN 4nqo. sn2ianp - T6LV
dno usooe
- - HOL - HOL BMO| 1SN ‘Dd4p2042DW SN2IANY 6002 ABINI 6T ‘M3NDIN °A €69V
1INOSSIA|
- - HOL - - vsn Je3| 40j021q sN24anD 210T '8Ny G ‘MaNIN “d TOCTVY
1JNOSSIA|
- - - - HOL VSN "ds snaJanp - 06TTV
UISUOJSIM 4€9| T10C
- - HOL - HOL RN ‘Dd4D2042DW SN2IANY 'das €7 49||IwyIno ‘N SOTTV pUDILIdWD DIOGN ]
LT0C SY6¢ IN4D
€LVIL6OW  LLTCE6SOIN  €B0C6SOIN 066T6SON  968T6SOIN OJIX3aN Ip4onpa snxianp "Uer 6T ‘0JIY-OUBIOIN ‘O = susomow omogny jo sdkrx3 LCOEE DdD
¢10¢C TT P!
- 9LTC6SOW TBOC6SOIN 686T6SOIN  S68TESOIN OJIXaN Ip4onpa snaianp ‘AON 6 ‘OfojowieiN "D T =T¥6¢ TIN4D = 8S¢CE JdD
910¢
- SLTC6SOW T80C6SOIN 886T6SOIN  PV68T6SOIN OJIX3aN 1p40npa sn24anp udy ‘021y-0UBION "0 T9ETE 2dD wnupaxaw wnliAyiiodsolanyds
10T ABIN sisuapupoy)
- - — OTTO6TdN  €9TO6T4IN puejieyl jed| Bulkedaq 7 ‘BUOMIIWIESSEIUSIM N oyogn jo2aksEOE0—CT IDNTHIN asuapup|inyl wniiAyioidos
908€ET JdD = DpupipjayBuim
LB8YIL6OW  T6TCE6SOIN  00TZ6SOIN 900C6SOW  TTI6T6SOIN  BILIV Yinos asuaauinb wnybizAs £00T JelN 9 ‘snoJD ‘Md oyayaypoy jo 20ka699EVT SED pupipjaybuim pjjaljayny
zqd4 zqm 121 nsi Sl Asauno) (asoy a1ep (s)1aquinu aweu sajads

A3quinu uoIssalIe yueguan

Suipnpoul) aresisqns

uo1I3||0) pUE J03I3||0D

uoissadde ainjjn)

‘(penunuo)) 'T a|qeL

© 2018 Westerdijk Fungal Biodiversity Institute

44



w

Zaquinu uoissadie jueguan

Suipnjpul) ajensqns

uoLI3||0) pue 10333][0)

uoissadde ainjjn)

= - - - HOL HOL BMO| 1SN bqjo snaianp - 68LY
- - - HOL HOL BMO]| 1¥SN bqjo snaianp - 8599V pulhip biyogn

10 €0 p!

— O0ETC6SON  9€0T6SON TVET6SOIN  878T6SON O2IXaNl 1Aqupo snasanp 190 9 ‘ofsjowelN ‘D T =GE6C IN4D = TSZCE DdD

10C o p!

CSV9/L6DIN  6CTT6SOIN  SEO0C6SOIN OV6T6SOIN  LVBT6SON 0JIXaNl 1Aquoo snasanp "300 9 ‘ofsjowieN D T =¥€6C TIN4D = 0S¢CE 2dD
eluloyled pjjAydosAiyo 9T0¢

— 8TTC6SOWN  VEOT6SON 6E6T6SOIN  9¥8T6SON vsn sidajosAiyy  “uer g1 ‘weyie-Asuooy 'S C8LT#VY4QD = LTSTE 2dD
eluiojljen ST0C "22d

—  LTIT6SOIN  €E0C6SON 8EH6T6SON  SY8TESON ‘vsn pijoflubp snasanp 0T ‘weyiei-Asuooy s 008T#V4dD =9TSTE DdD
ejuioyied STOC "9o4

—  9TTT6SOWN  TEOT6SON LEGTESOIN  ¥¥8T6SON YSN  snJojfisuap sndindoyi 9¢ ‘weyiei-Asuooy s CYVST#VY4QD = STSTE 2dD
eluioyljed ¥10C PO

—  GCTT6SOIN  TEOC6SON 9E6T6SON  E€V8T6SON 'YSN  snuoyfisuap sndipaoyiiq 0€ ‘weyiei-Asuooy s LLYTH#Y4AD = $TSTE DdD
ejuiojljed ¥T0C 10

-  PCTT6SOWN  0E0T6SON  SEBTESOIN  CY8T6SON vsn 11bbojja3 snasanp 71 ‘weylet-Asuooy °s SSYT#V4QD = ETSTE 2dD
eluJioyled ¥10C PO

..lm. — ECIT6SOIN  6C0C6SON  VEGT6SON  T¥8T6SON vsn 1uazjjsim snaianp 2T ‘weyiet-Asuooy *s 8YVT#VY4dD = CTSTE DdD
v elulojed ¥10¢ "das

S — CTTT6SOWN  8TOT6SON  €E6TESOIN  O0V8T6SON vsn 1166ojjay sna4anp 8¢ ‘weyie-Asuooy s 807T#v4dD = 0TSTE 2dD
M eluJoyI|E) ¥10¢ "das

_m — TTTC6SOWN  LTOT6SON TEGTESOIN  6E8T6SON vsn 1bbojjay snaianp 8¢ ‘weyie-Asuooy 'S LOYT#VY4dD = 60STE 2dD
= BluJ041ed 10z "das

nn.. — OCTTZ6SOWN  970T6SON TEGTESOIN  8EBTE6SON vsn 11660j1ay sna4anp 6T ‘weylet-Asuooy °s VEYTH#VYAAD = 80STE 2dD
na..u eluloyied ¥10Z "das

_.m — 6TTC6SON  STOT6SON O0E6T6SOIN  LEBTESON vsn 1ibbojjay snaianp 6T ‘weyiel-Asuooy *s TEYTHVYAAD = LOSTE 2dD
eluiojlje ¥10¢ "das

— 8TTZ6SOWN  ¥Z0T6SON 676T6SOIN  9EBTE6SON vsn 116bojjay sna4anp 6T ‘weylet-Asuooy °s 0EYT#VY4AD = 90STE 2dD

eluiojljeg ¥10¢ "das 8CYT#VY4AD = SOSTE JdD =

TSY9L6ON  LTTZ6SDN  €COC6SOIN 8T6T6SON  SEBTESOIN vsn 1ibbojjay snaianp 6T ‘WeYleT-AdUO0Y *S  nuiopyes omogns 10 00mxa0L9EYT SED
eluiojljen [40]4

—  OTTCZ6SOIN  TCOC6SON LT6T6SON  7EBTESON ‘vsn 1nbbojjay snasanp  '8ny 6 ‘weyle-Asuooy 'S SOTT#V4AD = ¥0STE D2dD
eluJojled ¢10¢

— GTITCZ6SOWN  TTOT6SON 9T6TESOIN  €EBTE6SON vsn juazijsim snaianp  *3ny 6 ‘weyiel-Asuooy °s €0TT#V4QD = ¢OSTE 2dD
eluiojljen 10¢C

-  VTTCZ6SOIN  0C0C6SON ST6T6SON  CEBTESON vsn tuazijsim snasanp  °|nf 8T ‘weyie-Asuooy S 9L0T#V4dD = 66¥TE€ DdD
eluIoj|e) zToz Aein

- ETTC6SOWN  6T0T6SON  PZ6TESOIN  TEBTE6SON vsn piofiibp sn24anYH €7 ‘weyiet-Asuooy 'S 6C¢0T#VY4QD = 86¥T€ 2dD

zqd4 zqm 1fa1 ns1 Sll Anuno) (asoy a1ep (s)1aquinu aweu saldads

‘(penunuod) 'T 9|qeL

45

© 2018 Westerdijk Fungal Biodiversity Institute



sjods jes|

S9T

- TSTC6SOW  LSOC6SOIN  ¥96T6SON  TL8TE6SON EMO] 1¥SN ‘odupa0.1o0w sn21anY 010¢ '8ny ¢ ‘MaNdIN "d OM =966V = 8T06¢CT S4D
LSV9L6OW  OSTCE6SODIN  9S0C6SOIN  €96T6SON  0L8T6SOIN EMO] 1¥SN 81m3 ‘ngjo snasanp 0TOT JBIN €C ‘MONIIN 'd 09 OM = 9/8Y = 9T06CT S9D
-  6VIC6SON  SSOC6SOIN  C96T6SDIN  698T6SODIN  SPUEISYIaN - - 0£09TT S92
- 8VIC6SON  PSOC6SOIN TI6T6SDIN  898T6SODIN  SPUElISYISN - - TL6STT S4D
4€9|
- LVTC6SOW  €SOC6SOIN 096T6SOIN  L98TE6SOIN  SPUE[ISYISN peap “4nqoJ snaianp - 80€STT S4D
4€9|
- 9PIC6SOWN  TSOT6SOIN 6S6T6SDIN  998T6SOIN  SPUElISYIaN peap 4nqoJ sn2ianp - 90€STT S4D
4€9|
- SPTC6SOIN TSOC6SOIN B8S6T6SODIN  S98TESODIN  SPUBlIBYIaN uaau8 ‘unqou snaanpY - ¢OTSTT S4D
- PYTT6SOIN  0SOT6SOIN LS6T6SOIN  #98TESOIN  SPuelldyidaN  jed| peap “ds snasanp - 00TSTT S490
- - - 9S6T6SOIN  €98T6SOIN  SpueldYIdN  jed| peap “ds snasanp - 860STT S0
4€9|
- - — GS6T6SOWN  C98T6SOIN  spueldsyisN uaaig Ungos snauanp - £L60STT S4D
4€9|
M. -  EVICE6SODIN 6V0C6SOIN PSET6SODIN  TO98TESODIN  SPUBlISYIaN uaau8 ‘unqou snaanpY - 960STT S4D
kS Jed|
m - C(VIC6SON  8V0C6SOIN  €S6T6SDIN  098T6SOIN  SPUeliaylaN uaag Ungou snauanp - YTOSTT S40
®©
o Je9|
- TVIC6SOIN LVOC6SOIN CSE6T6SODIN  6S8TESODIN  SPUBlISYIaN uaau8 ‘unqou snaanpY - ¢TOSTT S4D
4€9|
- OVIC6SOWN 9V0C6SOIN TS6T6SDOIN  8SBTESOIN  SPUEISYIaN uda48 ‘UnqoJ snauanY - 600STT S40
4€9|
-  6ETC6SON  SVOT6SOIN 0S6T6SOIN  LSBTESODIN  spueliayiaN uaaud ‘unqou snaanp - L00STT S92
- BETTESOIN PV0T6SOIN 676T6SDIN  9S8TESOIN  SPUBlBYIdN  jed| udals “ds snasanp - 0¢6¥TT S40
- LETT6SOIN E€VOT6SOIN 876T6SODIN  SS8TESOIN  SPuelYIdN  jed| udals “ds snasanp - 6T6Y1T S4D
-  9ETT6SOIN  TYOT6SON LV6TESOIN  YS8TESDIN  SPUBLIBYIBN  ed| udaud “ds snasanp - ST6VTT S4d
9S¥9/6ODN  SETT6SOIN  THOTZESON 9V6T6SOIN  EGBTESDIN  SPUBMBYISN 43| Ud3JB “ds snasanp - ¢16¥11 S4D
puejeaz SuOIS3| YIMm
-  PVETC6SOW OVO0C6SOIN SYET6SOIN  TS8TE6SOIN MIN SaAed| UngoJ sn21anp €00C 'AON TT ‘PIOYY 'Y T89V = 98EVTT S4D
089V =
SSV9L6OWN  EETCESOIN  6E0C6SOIN  TV6T6SON  TSBT6SON Aey 4nqo. snianp — ‘Ip4BOY-ORNIN *S  sustsp omogns jo sdkndexal 60CTT SED
- - - - HOL Auewuag anqoJ sn2ianp - Y8V
zqd4 zqm 1fa1 nsi Sl Asauno) (asoy a1ep (s)1aquinu aweu sajads
_I5qUINU UOISS3208 JUBGUID Suipnjoul) ajensqns uoLI3||0) pue 10123]|0) uoISSa%e INYN)
i
> ‘(panunuo)) 'T 3qeL

w

© 2018 Westerdijk Fungal Biodiversity Institute

46



v
w

The genus Tubakia s. lat.

UISUOISIM
- - - - HOL RV pdip20420W SN213NYD - L6TTV
BJOS3UUIIA
- - - - HOL SN pdip20420W SN2I3NY - 88TTV
UISUOISIM T10¢
— - HOL - HOL VSN 0dJIp20420W SN213NY *das €7 U9|lwyiIng ‘N COTTV
- - HOL - HOL sesue) :ysn 01Dj[21S SN21aND - 0001V
14NOSSIA|
- - HOL - HOL vsn b3Dj[33s SN21AND - 696V
1JNOSSIA|
- - HOL - HOL vsn pdip2020W SN213NYD - ovev
- - HOL - HOL eMO| 1SN pdip20420W SN213NYD - 906V
14NOSSIA|
- - - HOL HOL SN D1DJ[31S SN242ND - 799V
14NOSSIA|
- - - HOL HOL VSN 01D[31S SN213ND - €99V Hijpy biyognL
- - - - 67€520rd eulygy 91Aydopu3 - TvT1-LO
£976 DY¥4N =
TOV9/6OWN  LSTT6SOIN  €90C6SOIN  0L6T6SON  8L8T6SON ueder  sapoan.Ajiyd snaianp  696T 100 8 ‘BUWBAONOA "L saproutsp oogn so sk C6CZIDNIN
0979465  9STC6SON  790T6SOIN 696T6SOIN  LLB8T6SOIN ueder DIDUBII DAUDISDD  696T 190 8 ‘BWEADNOA 'L 99¢6 J44AN = T6CZOONIN
8961 T2°06T S0 = TLVCC D01V
6GV9/6ON  SSTC6SOIN  TI90C6SOIN 896T6SODIN  9/8T6SON ueder  Jea| ‘pIOUIID DIUDISDD ‘AON TT ‘eweAoyoA 'L =G9¢6 J4dN = 06¢CIONIN
pipfN2UNPad SN21aNY
- PSTC6SOIN  090C¢6SON - S/8T6SSIN duel4 uo ||e3 ‘ojjoy sdiuA) - ey Jap UeA 'y'H 89V = 98°'SEE SAD
8G79/6OIN  ESTT6SOIN  6S0C6SOIN  L96T6SON  7L8T6SON duel4 sunyy “ds snasanp /6T AeIN ¥T 191240 "IN 9 /¥8=9/'6C€ S
- - - - CVCESBAV  SPUEISYISN - - 0L6STT S9D
- - - - 9798644 eulyd "ds snasanp - TOON7£00¢
91Aydopus
- - - - ¥Scosdr eulydy ‘anojb iapur =N H'X [4s saploulAip piyogni
wajs Jaddn
euljoJe) Bunpass ‘onyfiopiAis
- - - - 98096609  YMON :¥SN 4bquiopinby] - S'8rSTYwW
91Aydopus
- - - - 8C09VSAVY eulyd ‘siuiofaninqoy snuid - 6SN3
4e3] 3unoA uj jods 9961
- - - G96T6SOIN C/BT6SOIN  SpueliayisN §e3| 4nqou snaianp "unf 9z ‘ey Jap uea'y'H TOT6 041 =99°€T¢C S90
z2qds z9m a1 nsi Sll Anuno) (asoy Q1ep (s)1equinu aweu sapadsg

AJaquinu uoissadne yueguan

Suipnjpui) ajesnsqns

uo1I3||0) pUE J03I3||0D

uoissadde ainjjn)

‘(panunuo)) *T 3qeL

47

© 2018 Westerdijk Fungal Biodiversity Institute



CLYCT II1V = 89¢6 DYEAN =

S9V9L6ON  S9TC6SON  TLOC6SON 8L6T6SOIN  988T6SOIN ueder b3pUa12 baUDISL) 696T 8NV €T €PIYIN M soodoromogni so sdkudoxa96CZIININ
ovee6
J4dN = 66CCIININ = 0V7€6
V9¥9L6OW  ¥9TC6SOIN  0L0C6SOIN  LL6T6SON  S8BTE6SON ueder  Jea| ‘p1pUaI2 PaUDISDD  0L6T "daS T ‘BweAoyoA L 041 =¢/8V =TLT6T S4D pojuodof ppypGn]
sajonad CHE =69TOM
— C9TC6SOWN  89076SON  SLET6SOIN  €88T6SON BMO| VSN ‘bdipiosdow sn21anY  0TOT AON 9T MININ °d = €00TV = 6T06CT S92
UISUOISIAN SOAed|
- T9TC6SOWN  [90T6SON VL6T6SOIN  ¢88T6SON vsn ‘dipaosoow sn2sanp 0TOT 190 ‘uojuedS )  ¥9TOM = S66Y = LT06CT S9D
anssy jes| Suiduey (2)1-cHE = £09V =
- 8STC6SOIN  ¥90C6SOW TL6T6SON  6/8T6SON EMO] :YSN ‘bdip20400W SN242ND "BNY TT ‘UOIBULLIBH L ssuamor opyogny 0 2krxaC TO6CT SED
B1OSSUUIIA|
- - - - HOL RV 0dip20420W SN213NYD 6TCTV
elo)eq
— - - - HJL  Ynos :ysn pdip20420W SN212NYD LTTIV
- - - - HOL eMO| 1SN J0J021g sn243anD 00¢TV
UISUOISIAN
- - HOL - HOL RV pdip2020W SN213NYD 70TV
- UISUOISIAN
.m - - HOL - HOL vsn pdip20.120W SN213ND 6801V
M £10S3UUIN
w - - HOL - HOL RV pdip2020W SN213NYD 8801V
& STV
— - HOL - - VSN pdJip20420W SN212NYD 980TV
- - HOL - —  sesuey :ysn pdipaoio0w sn2iany 666V
eyselqaN
- - - - HOL RV 0dip20420W SN213NYD LY6V
91Aydopus
- - - HOL HOL BMO| 1SN ‘0dip20420W SN213NYD 899V
sjonad
- - - S8TV0/4r  96TYOLAr eMO| :YSN ‘0dip20420W $N213NYD €LSV
- - - HOL HOL eMO| SN pdip20420W SN213NYD 695V Sisuamol brybgny
€9V9L6ON  €9TC6SON  690C6SOIN  9L6T6SOIN  ¥88T6SOIN uesj  Jes| peap “ds snasanp €G9LET2dD
- - - - HOL emo| :ysn pdip2000W SN213NYD 0T0T '8Ny G2 ‘M3NIIN ‘A 676V = 87E€LET SAD
sesueyly ulaA pue jods
— 09TC6SON  99076SON  €L6T6SOIN  T88T6SON vsn Jes| ‘b1ojja3s snasanp 600¢ '8NV £ ‘- YTOM = ¢9.LV = STO6CT S9D
1INOSSIA| 10ds 194-7¥T AN = 999V
C9V9L6ON  6STC6SOIN  S90C6SOIN  CLE6T6SON  088T6SON vsn 83| ‘p1pjja3s sN24aND 600C "d3S T “WIN 'S = oy opyoqn o 2iaaETO6CT S
zqdi zqm 1fa1 ns1 Sll Asuno) (asoy (s)aquinu aweu sapadsg

Z9quinu uoissadde jueguan

Suipnjpui) ajensqns

uoI?3||0) pue 10333]|0)

uoISSaIe 3INYN)

2
Uwu
w

‘(panunuo)) ‘T 9qeL

© 2018 Westerdijk Fungal Biodiversity Institute

48



v
w

The genus Tubakia s. lat.

IEYY
sesueydy 1e3| ‘nbaaquajyanwi
- - HOL - T/0S095N vsn snaianp  600¢ 8NV LT ‘MANIIN " 0T8Y =9V€ELET SAD
JLEE] 0TO0C
- - HOL - HOL eMO| 1SN ‘pdip20420W SN21AND ‘8ny £z ‘uoiduliey ‘| 7S6v
- - HOL - HOL  stouljll :vsn Je3| ‘niqn. snauanp 0TOT 'INf 8T ‘MaNIN "d 6C6V
14NOSSIA|
_ - HOL - HO1 VSN DLIDIIIGUWI SN24aND - 6598V
- - HOL - HOL Eplold:vsn .U sN243ND - €48Y
sesueyuy
- - HOL - HOL vsn “ds snasanp - 608V
sesueyJy
- - HOL - HO1 VSN D2IPUB|LIDW SN2IIND - 908V
sesueyuy
- - HOL - HOL VSN obulNjaA sN21anYP - 508V
- - - HOL HOL emMo| :ysn DILIUIP DIUDISDD) - 99LV
- - - HOL HOL eMO| 1SN 0dip20420W SN213NYD - SS9V
- - - HOL HOL EMO| 1y¥SN bagnu snaianp - 809V
aJiysdweH
- - - - HOL M3N VSN 04qnJ snaianp - €611V
aJlysdweH
- - HOL - HOL MaN VSN piqnJ sn21anP - 61TV
eluiojljed
- - - - HOL '¥YSN  8Im1 ‘pJjofiibo snaianp 710 Udv £T ‘weylel’s LLTTIVY
_ _ HOL _ HOL - *ds snauanp - 6€0TV
- - HOL - HOL sesue) ysn “ds snasanp - TOOTVY llqgoudbw brbgny
sesueydy
- - HOL - HOL VSN onifionafs oquiopinbi] - 600Z 8NV LT ‘MINIIN A 0€8Y = S¥/6€ET S9D
sesueyty 10ds jea| ‘bnifiopiAis
- - 8/SE095WN LL0S095N 8905095 vsn Jpquippinbi]  600T "8nV LT ‘M3NDIA “Q TLLV =VVL6ET SAD spbquibpinbl| bypGnN]
6979/6ON  69TC6SOIN  SLOC6SOIN T86T6SDIN  888T6SON ueder DIDUBII DAUDISDD  0L6T 190 OF ‘eWeAONOA 'L €6 DYAN = TOECIININ
8979/6OIN  89TC6SOIN  ¥/L0C6SOIN T86T6SODN  L8BT6SON ueder D1DU3ID PaUDISDL)  OLET "das T ‘eweAoyoA 'L T¥€6 D4dN = 00€CIININ
L9V9/6ON  L9TC6SON  €L0C6SOIN 086T6SON - ueder D1DU3ID PAUDISD)  696T "daS LT ‘IyseAeqoy A 0426 249N = 86¢Z20NIN
9979L6OIN  99TC6SON  TLOC6SOIN 6L6T6SON - ueder p1bUaJ2 PaUDISD)  696T "daS LT ‘IyseAeqoyl A 69¢6 DYdN = L6CCIIONIN
zqdi zqm 1fa1 ns1 Sll Asuno) (asoy ajep (s)aquinu aweu sapadsg

Z9quinu uoissadde jueguan

Suipnjpui) ajensqns

uoI?3||0) pue 10333]|0)

uoISSaIe 3INYN)

‘(panunuo)) ‘T 9qeL

49

© 2018 Westerdijk Fungal Biodiversity Institute



Braun et al.

v
w

SH0A

- - - - 9CCSS8AH MaN VSN biqnJ sn31anp — ‘98109D-U0SIDYI[ 'S q¢SvLAN
340
- - - —  GCUSS8H MaN VSN b.iqn. sn31anp — ‘98109D-uostayar 'S BCSYVLAN
- - - - HOL EMO] 1SN “ds snasanp - 106V 3 ds opypgny
4€9|
8879L6OWN  €6TC6SOWN  TOTC6SOW LOOC6SOWN  CT6T6SON  SPuelisayisN uaau8 ‘unqos snaanpY - TTOSTT S9D 1 "ds ppypgny
LT0C Y¥6C INAD =
9879/L6OW  T6TC6SOIN  660C¢6SOIN  SO0C6SON  0T6T6SOIN OJIXaN Ip4pnpa snxianp "UB[ BT ‘00IY-OUBIOIN "0  ssusufouass ouogny 10 20ka0COEE DdD sIsualifolials pipgny
— 06TC6SON 860C6SON t00C6SOIN - eulyd aljobuow sn24anY #10T "INf € ‘SBueyz Suix €5599¢2dD
- 68TC6SON  L60C6SOIN  €00C6SOIN  606T6SOIN BUlyd pajjobuow sn24anp #10T "INf € ‘Bueyz Sux ¢5599¢2dD
SOAE3| MC_>__ 600¢ 88LY = AVVS = sisusupsynioas
- - — CO0C6SOW LELT66INH  E310) yinos ‘otjobuow snauanp '8Ny T€ ‘Uunp Sunoj 9AH oogny jo adhosxa€67LCT SEI
m®>mw_ mC_>__ GOON N&N{ = m¢<m = sIsuaupsypI0as
S8V9L6OWN  88TC6SODIN  960C6SOIN  TOOC6SON  BO6T6SOIN  B310) Yinos ‘ajjobuow snauanp "8ny T€ ‘Unp Suno, aAH ooy yo adhiosixaCOVLCT SED
SOAB3| MC_>__ 600¢ 98LY = SEVS = sisusunsyvioas
V8V9L6OIN  L8TC6SODIN  S60C6SOIN  00509¢dM  SELT66INH B340} Yinos ‘otjobuow snauanp '8ny T€ ‘Unp Sunoj 9AH oiyogny jo adhosixa LOVLTT SED
mw>mw_ mr__>__ mOON MWN< = >m<m = sIsuaupsypI0as
-  98TC6SOWN  P60C6SOIN  66709¢dX LO6TE6SOIN B340} Yinos ‘ajjobuow snauanp "8ny T€ ‘unp Sunop AN omogny jo adaa06YLCT SED SISUaUDsYb103s bibqn |
Nﬁm._” .wuo NH ¢me UI@Z = sapiouiAipoiod
SLV9L6OW  6LTC6SOW  SB0C6SON  C66T6SON  868T6SON ueder bwissgnab sn2ianp ‘eses ) g 1yseAeqoy ‘L omogny jo adaa76CCIININ saplouidipoind piyoqn
G886 JHAN = p.odsibuojqo
VLV9L6OW  B8LTC6SOIN ¥80C6SOIN T66T6SON  L68T6SOIN ueder 030413S SN24ANYD  TLET "UN( TT ‘eweAoyoA 'L opyogny y0 2dAa SO CCIDNIN pJodsibuojqo bipgny
¢10¢C LOP!'=6E6CTINAD =
CLVIL6OW  V/LTT6SOIN  080C6SOIN  L86T6SON  €68T6SOIN OJIX3N 1Aqupd sna1anp 190 6 ‘O[RJOWIBIN "D [ pusmuew omogny j0 20mx3GSCCE DD
(stsdourid [40]4 90 p!
- €LTC6SOW  6L0C6SOIN 986T6SOIN  C68TE6SOIN OJIX3aN "D =) P130| SN243NY "300 6¢ ‘oldjowel 'O =8E6¢ TN4D = ¥S¢CE 2dD
¢10¢
— CLTT6SOW 8L0T6SOIN S86T6SOIN  T68T6SOIN 0JIX3aN 1Aqupd snaianp "190 6¢ ‘olsjowel\ 'O SO pI'=€92¢2€2dD
¢10¢ 70 P!
TLYOLE6OW  TLTC6SOW  LLOT6SOW ¥86T6SOWN  068T6SON OJIX3aN| 1Aqupd sna1anp "30 6¢ ‘oldjowel D =9€6¢ TN4D = ¢S¢CE 2dD
¢10¢ TO P!
0LV9L6OW  OLTC6SOIN  9L0C6SOIN €86T6SON  688T6SOIN OJIX3N 1Aqupo sn21anp "30 9 ‘ofsjowteN ‘D T = €E6C IN4D =6¥¢CE IdD pbubpjiujaw ppybgny
_.h DOmm_ _>_ wOQm 1qqoudDW pIYOGN]
- - 6LSE095N - 6905095\ YSN  jed| ‘susnipd snaianp 0T0T "das ‘puesg ‘@ j02dhx3686V = 6VELET SED
10ds jeg|
‘(ueasunq) bwissijjow
- - HOL — 0LOS0959IN eplold :vSN X bjojusp baubisb)y 600¢ ‘NON “Wagnyods “L S8V = LVELET SAD
zqd4 zqm 1fa1 nsi Sll Anuno) (asoy a1ep (s)1aquinu aweu sadads

Zaquinu uoissadie jueguan

Suipnjdui) ajensqns

uoLI3||0) pue 10333]|0)

uoissadde ainjjn)

“(panunuo)) 'T ajqeL

© 2018 Westerdijk Fungal Biodiversity Institute

50



v
w

The genus Tubakia s. lat.

‘uojduliieH "D wol wouy Aj1o3.1p paule1qo seouanbas 03 s1ayad H) L '9uad Hungns 15984 puodas || asesswAjod YNY pa1dalIp-yNQ |etJed
:zqdJ ‘auad ulingni-e1aq |enJed :zgny ‘ouad eyd|e-T Jo1oe) uone3uols uone|sued) |epnJed (11 ‘uosado auad YNYJU Y1 4O (S8¢) Hungns a8Je| :NST ‘YNQ4U S8°G SuluaAialul pue s19oeds paglidsued] |eulalul :Sl |,

‘ueder ‘1JO}0] ‘UOLIEPUNOS JBIUD) YdJeasay oyouly ueder ‘@1niasu| [e2180]00AN 110N0] (JINL ‘Ueder ‘eqiy) ‘nzesesiy ‘uonenjeai pue ASojouyda] jo a1ninsu| jeuoneN ‘Aojouydalolg jo Juswpedaq
191Ua) 921n0say [ed18ojolg J1IN :DYGN ‘ueder ‘@injdayald alN ‘nsl ‘Ausianiun alA ‘ASojoyied jueld Jo AlojelogeT ‘Uonda)jo) ainyn) :(ueder) JDNIA ‘puejieyl ‘1ey Suelyd ‘uondaf|o) ainyn) Aysianiun Suenn
yeq aelA :DINT4IN ‘wopSury panun ‘aue] weyayeg ‘weysy ‘@ausiosolg-|gyd ‘@3niisu| [ed1S0jodAN [euoneulaIU| ([IA] {(DYEN 03 paJiajsuel) uoda||od) ueder ‘@jesQ ‘N)-emeS0poA ‘B)esQ ‘UoleludwIS
J0J 9IMBISU| 04| ‘SGD 3 PasNoY ‘snou) 04pad JO UOLRII|0D 34NYND :DdD ‘OJIXDIAl ‘UOST OASNN JO ANSIBAIUN ‘S92UBIDS AJ1SDI04 JO A}ndeq By} 3B UO[DIS||0d 24N} ND pue wnegIaH N4 VSN ‘TE8SE VD
‘03UBWEIIES ‘PROY MIIAMOPESIA Y67 E ‘SUOLID||0D UdBoyled Jueld Y4dD v4dD ‘SPUBaYIaN YL ‘WYda43N ‘DIn3asu| AYsianipolg [eSund ylipJaisapn :SgD ‘WSN ‘BIUISIIA ‘UoBRI3||0D) 4n3n) adA] uedlawY D1V ¢

4€9|
- - HOL - HOL EMO| 1SN ‘lIp2LIGUII SN21AND TTOC 'INf LT ‘MANIN “d C¢SOTV = C¢SELET SAD
10ds
- - HOL —  C¢80S095W EMO] 1SN Jes)| ‘viqni sn2ianp TT0T 'INf 62 - CYOTV = TSELET SAD
10ds €O8/Y =
- — T8SE095IN - T80S095W eMO| 1SN $B3| ‘0iqnJ sn2JanY  600T "ddS G ‘UOISULMBH "L aosung omogny o ekaGVELET SED
- - HOL - HOL EMO| 1SN bignJ sn31anp - 808V
- - HOL - HOL EMO] 1YSN biqnJ sn31anp - co8Y
- - HOL HOL HOL eMO] 1¥SN biqn. sn31anp - 008Y
- - HOL - HOL BMO] :YSN DLIDJLIqWI SN213ND - 6Ly
- - - HOL HOL EMO] 1¥YSN b.iqnJ sn31anpY - LTV
- - HOL - HOL EMO] 1¥SN piqnJ sn21anpY - 80TV
- - HOL - HOL BMO] 1SN bagn. snaianp - GEOTV anAunffiy oiyogny
sanea)|
u3d||ej PaJ2IUIMIDNO
€6V9L6DOWN  COCC6SOIN  OTTC6SOIN 9TOC6SON  TC6T6SOIN Arey ‘pagnJ snaianp 686T "G94 ‘OLIESIIdG 'V vutsp ojadinana o adkosixa€6 6E9 SED
— ‘elley| ‘ewoy ““1s9404
JLE] 8y auolzejuswiads
— TOCC6SOWN 60TC6SOIN  STOC6SOIN  0C6TE6SON Aey peap ‘bignJ snaianp Ip onu=) 68°£8€ S4D
puejeaz Jayued yunJy pue S/6T
C679/6ON  00CC6SOIN  80TC6SOIN  ¥TOCZ6SON  6T6T6SON M3N  Ydueuq ‘siia0 sn21anp "AON ‘[juImasaog ‘['H LL°6TT S9D
4€9|
-  66TC6SOW LOTZ6SOIN E€TOC6SOIN  8T6TE6SODIN  SpueliayiaN uaaig Ungos snauanp - 00€STT S4D
$€9|
— 86TC6SOIN  90TC6SOWN TTOC6SON LT6T6SON  SPUBlIBYIaN udau8 ‘unqou snaanpY - 900STT S9D
- [6TT6SOIN  SOTZ6SOWN TTOCZ6SOIN 9T6T6SDIN  SPUBLBYISN  jed| udaud “ds snasanp - TI6VTT S8 bupbjuonns bixoqn,
zqd4 zqm 1fa1 ns1i Sll Anuno) (asoy a1ep (s)1aquinu aweu sajdads

Zaquinu uoissadie jueguan

Suipnjdui) ajensqns

uoLI3||0) pue 10333]|0)

uoissadde ainjjn)

‘(penunuod) "1 9|qeL

51

© 2018 Westerdijk Fungal Biodiversity Institute



FUSE

Braun et al.

Table 2. List of primers used for amplification and sequencing in this study.

Name! Sequence (5’ -3’) Orientation Reference

ITS

ITS4 TCC TCC GCT TAT TGA TAT GC Reverse White et al. (1990)

ITS5 GGA AGT AAA AGT CGT AACAAG G Forward White et al. (1990)

LSU

LROR GTA CCC GCT GAACTTAAG C Forward Rehner & Samuels (1994)
LR5 TCC TGA GGG AAA CTT CG Reverse Vilgalys & Hester (1990)
rpb2

RPB2-5F2 GGG GWG AYC AGA AGA AGG C Forward Sung et al. (2007)
RPB2-7cR CCC ATR GCT TGY TTR CCC AT Reverse Liu et al. (1999)

tef1

EF-2 GGA RGT ACC AGT SAT CAT GTT Reverse O’Donnell et al. (1998)
EF1-728F CAT CGA GAA GTT CGA GAA GG Forward Carbone & Kohn (1999)
tub2

Bt2a GGT AAC CAA ATC GGT GCT GCTTTC Forward Glass & Donaldson (1995)
Bt2b ACC CTC AGT GTA GTG ACC CTT GGC Reverse Glass & Donaldson (1995)

LITS: internal transcribed spacers and intervening 5.85 nrDNA; LSU: large subunit (28S) of the nrRNA gene operon; rpb2: partial DNA-directed RNA
polymerase Il second largest subunit gene; tef1: partial translation elongation factor 1-alpha gene; tub2: partial beta-tubulin gene.

tef1: 2 mM, tub2: 3 mM), 40-60 uM of dNTPs (ITS: 56 uM, LSU:
60 uM, rpb2, tefl and tub2: 40 uM), 5-5.5 % dimethyl sulfoxide
(DMSO; ITS, LSU, and tub2: 5 %, rpb2 and tef1: 5.5 %), 0.2 uM of
each primer and 0.5 U Tag DNA polymerase (Bioline) in a total
volume of 12.5 puL. The PCR cycling conditions for ITS, LSU, tef1
and tub2 were: initial denaturation (94 °C, 5 min); 35 cycles
amplification (denaturation 94 °C for 30 s; annealing 48 °C for
50s; extension 72 °C for 90 s), and final extension (72 °C, 7 min).
The PCR cycling conditions for rpb2 were: initial denaturation
(95 °C, 5 min); 5 cycles amplification (denaturation 94 °C for 45
s, annealing 60 °C for 45 s, extension 72 °C for 2 min); 30 cycles
amplification (denaturation 94 °C for 45 s, annealing 54 °C for 45
s, extension 72 °C for 2 min), and final extension (72 °C, 10 min).
The resulting fragments were sequenced in both directions using
the respective PCR primers and the BigDye Terminator Cycle
Sequencing Kit v. 3.1 (Applied Biosystems Life Technologies,
Carlsbad, CA, USA). DNA sequencing amplicons were purified
through Sephadex G-50 Superfine columns (Sigma-Aldrich, St.
Louis, MO) in MultiScreen HV plates (Millipore, Billerica, MA).
Purified sequence reactions were analysed on an Applied
Biosystems 3730xI DNA Analyzer (Life Technologies, Carlsbad,
CA, USA). The DNA sequences generated were analysed and
consensus sequences were computed using SeqMan Pro v. 13
(DNASTAR, Madison, WI, USA). All novel sequences generated in
this study were deposited in GenBank (Table 1).

The generated sequences for each gene were subjected
to megablast searches (Zhang et al. 2000) to identify closely
related sequences in the NCBIs GenBank nucleotide database.
For the LSU and rpb2 alignments, subsets of sequences from
the alignments of Senanayake et al. (2017) and Fan et al. (2018)
were used as backbones. For the tef1 alignment, tef1 sequences
from Harrington & McNew (2018) were downloaded from

GenBank or kindly supplied by the authors when not available in
a public database. Loci were aligned with the online version of
MAFFT v. 7 (Katoh & Standley 2013) after which the alignments
were manually checked and improved where necessary using
MEGA v. 7 (Kumar et al. 2016). Isolates missing both tef1 and
tub2 sequences were excluded from the concatenated ITS/tef1/
tub2 alignments.

The phylogenetic methods used in this study included
Bayesian analyses performed with MrBayes v. 3.2.6 (Ronquist
et al. 2012) and Maximum Parsimony analyses performed with
PAUP v. 4.0b10 (Swofford 2003) as explained in Videira et al.
(2017). For the Bayesian analyses, trees were sampled every
100 generations, the temperature parameter was set to 0.25
and the stop value to 0.01. The Bayesian analyses were applied
to the separate overview LSU and rpb2 alignments as well as the
concatenated ITS/tef1/tub2 alignments and the expanded tef1
alignment after MrModelTest v. 2.2 (Nylander 2004) was used
to determine the best nucleotide substitution model settings for
each data partition.

All resulting trees were printed with Geneious v. 11.0.3
(http://www.geneious.com, Kearse et al. 2012) and the layout
of the trees was done in Adobe Illustrator v. CC 2017. The
alignments and respective phylogenetic trees were deposited in
TreeBASE, study number 21897.

Morphology

All fungal structures were examined by means of light
microscopy, using an Olympus BX50 or Zeiss Axio imager Al
microscope. Shear’s liquid or distilled water and lactic acid were
used as mounting media, and aniline blue (cotton blue) was
used to stain colourless structures (columella, conidiogenous
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structures, and conidia). If possible, measurements of 30 conidia
and other structures were made at a magnification of x1000,
and the 95 % confidence intervals were determined (extreme
values in parentheses). Cultures were studied on MEA, OA, PDA,
and PNA. Colony colours were rated using the charts of Rayner
(1970).

RESULTS
Phylogeny

LSU phylogeny
The alignment contained 127 isolates representing a large
majority of families known from sequence data belonging to
Diaporthales. A strain of Phialemonium atrogriseum (CBS 981.70,
GenBank HQ231984.1; Sordariales) was used as outgroup. The
final alignment contained a total of 704 characters used for the
phylogenetic analyses, including alignment gaps. MrModelTest
recommended that the Bayesian analysis should use dirichlet
base frequencies and the GTR+I+G model. The Bayesian analyses
generated 153 402 trees from which 115 052 trees were sampled
after 25 % of the trees were discarded as burn-in. The posterior
probability values (PP) were calculated from the 115 052 trees
(Fig. 1; first value: PP >0.74 shown). The alignment contained
a total of 208 unique site patterns. The Maximum Parsimony
(MP) analyses generated the maximum of 1 000 equally most
parsimonious trees and the bootstrap support values (MP-BS)
were mapped on the Bayesian tree as the second value (Fig. 1;
MP-BS >74 % shown). From the analysed characters, 481 were
constant, 63 were variable and parsimony-uninformative and
160 were parsimony-informative. A strict consensus tree was
calculated from the equally most parsimonious trees and the
branches were mapped with a thicker line on the Bayesian tree
(Fig. 1; Length = 790, ClI = 0.376, Rl = 0.841, RC = 0.316). The
parsimony phylogeny showed the same terminal family clades as
those presented in the Bayesian phylogeny (Fig. 1); however, the
order of the clades was different, for example, in the parsimony
analysis Apoharknessiaceae was the sister clade to Tubakia and
not Melanconiellaceae (data not shown, available in TreeBASE).
Twenty-one families are represented in the phylogenetic
tree (Fig. 1). The majority of families were supported by high
posterior probability or bootstrap support values. However,
Stilbosporaceae was only fully supported by the Bayesian
analysis whilst Harknessiaceae did not receive significant
support from either the Bayesian or the maximum parsimony
analysis. Cryphonectriaceae and Melanconiellaceae each
received moderate Bayesian posterior probability support
but no maximum parsimony bootstrap support. The clade
containing the Tubakia sequences was fully supported in both
the Bayesian and maximum parsimony analyses and a novel
family is proposed for this genus below. The node connecting
Melanconiellaceae and Tubakiaceae was only fully supported
in the Bayesian analysis but not supported in the maximum
parsimony analysis. A sequence of the ex-type culture of
“Greeneria” saprophytica is also included in this clade; this
species was described by Tangthirasunun et al. (2014) but no
Tubakia sequences were included in their phylogenetic tree. Our
phylogenetic tree shows that this species has to be excluded
from Greeneria and is better accommodated in Tubakiaceae.
Supported by the isolated position in the LSU tree within the
Tubakiaceae but outside of Tubakia s. str. and distant from all

other genera of the family, this species warrants a genus of its
own. Phylogenetic signals of LSU are low within Diaporthales in
general and its families. Therefore, phylogenetic analyses using
rpb2 sequences were also performed to distinguish whether the
family Tubakiaceae contains a single genus, Tubakia, or several
genera, but even the overall topology of the LSU tree suggests
the heterogeneity of Tubakia s. lat.

rpb2 phylogeny

The alignment contained 130 isolates representing a large
majority of families known from sequence data belonging
to Diaporthales. A strain of Sordaria fimicola (CBS 723.96,
GenBank DQ368647.1; Sordariales) was used as outgroup. The
final alignment contained a total of 785 characters used for the
phylogenetic analyses, including alignment gaps. MrModelTest
recommended that the Bayesian analysis should use dirichlet
base frequencies and the GTR+I+G model. The Bayesian analyses
generated 6 742 trees from which 5 058 trees were sampled
after 25 % of the trees were discarded as burn-in. The posterior
probability values (PP) were calculated from the 5 058 trees
(Fig. 2; first value: PP >0.74 shown). The alignhment contained
a total of 473 unique site patterns. The Maximum Parsimony
(MP) analyses generated the maximum of 20 equally most
parsimonious trees and the bootstrap support values (MP-BS)
were mapped on the Bayesian tree as the second value (Fig. 2;
MP-BS >74 % shown). From the analysed characters, 313 were
constant, 28 were variable and parsimony-uninformative and
444 were parsimony-informative. A strict consensus tree was
calculated from the equally most parsimonious trees and the
branches were mapped with a thicker line on the Bayesian tree
(Fig. 2; Length = 3 934, CI = 0.237, RI = 0.792, RC = 0.188). The
parsimony phylogeny showed the same overall topology as that
presented in the Bayesian phylogeny (Fig. 2); however, the order
of the genera in Gnomoniaceae differed slightly between the
analyses (data not shown, available in TreeBASE).

Twelve families are represented in the phylogenetic
tree (Fig. 2). The majority of families was supported by high
posterior probability and bootstrap support values. However,
Melanconiellaceae and Tubakiaceae were both only fully or
highly supported by the Bayesian analysis while the node
connecting Melanconiellaceae and Tubakiaceae was only fully
supported in the Bayesian analysis and supported with 90
% in the maximum parsimony analysis. The rpb2 sequences
demonstrate a clear substructure in Tubakia s. lat. with highly
supported lineages, and therefore several novel genera are
introduced in the Taxonomy section below to accommodate
those lineages.

Combined ITS/tefl1/tub2 phylogeny — all species

It was not possible to generate all loci for all of the included
isolates, mainly due to the fact that some loci failed to amplify
for some isolates, even though several attempts were made
to obtain a product suitable for sequencing. To reduce the
amount of missing data in the alignment, such isolates were
excluded from the analyses. The alignment contained 95
isolates representing Tubakia and allied taxa, and a strain of
Melanconis groenlandica (CBS 116540; GenBank KU878552.1,
KU878554.1 and KU878555.1, respectively ITS/tef1/tub2) was
used as outgroup. The final alignment contained a total of 1
740 characters used for the phylogenetic analyses, including
alignment gaps. The Maximum Parsimony (MP) analyses
generated the maximum of 1 000 equally most parsimonious
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0.99/88- 1/100- Lamproconium desmazieri AR 3525 AF408372.1

0.96/- pum— 1/100
1/86

Coryneum longipes AR 3541 EU683072.1

\;ELCoryneum umbonata AR 3897 EU683074.1
1/92— Coryneum modonia AR 3558 EU683073.1

Asterosporium asterospermum CBS 112404 AB553745.1
Asterosporium asterospermum KT2138 AB553744.1

0.82/- Chapeckia nigrospora AR 3809 EU683068.1
Hapalocystis berkeleyi AR 3851 EU683069.1
Cainiella johansonii Kruys 731 JF701920.1
Sydowiella centaureii MFLU 16-2060 KY523503.1
Sydowiella fenestrans AR 3777 EU683078.1
Sydowiella depressula CBS 813.79 EU683077.1
Sillia ferruginea AR 3440 EU683076.1

0.99/-\\ 1/98 Prosopidicola mexicana CBS 113529 KX228354.1

/90

1/-

0.94/90——

0.79/-
N

1/83—_|

0.98/-

1100 Pseudoplagiostoma corymbiae CBS 132529 NG_042674.1
_[[ Pseudoplagiostoma variabile CBS 113067 GU973611.1
0.94/-

N 1/&[ Auratiopycnidiella tristaniopsis CBS 132180 NG_042620.1

Prosopidicola albizziae CPC 27478 KX228325.1

Valsa cenisia AR 3522 AF408385.1

Valsa ceratosperma AR 3416 AF408386.1
Valsella adhaerens AR 3549 AF408388.1

Valsella salicis AR 3514 EU255210.1

Macrohilum eucalypti CPC 19421 KR873275.1

Macrohilum eucalypti CPC 10945 DQ195793.1

Diaporthe padi AR 3419 AF408354.1

Chaetoconis polygoni CBS 405.95 EU754141.1

Chiangraiomyces bauhiniae MFLU 17-0964 MF190065.1
Diaporthe eres AR 3538 AF408350.1

Paradiaporthe artemisiae MFLU 17-0886 MF190101.1

Phaeocytostroma ambiguum CPC 17077 FR748100.1
Stenocarpella macrospora CBS 117560 DQ377934.1

Stenocarpella maydis CBS 117557 DQ377935.1

—— Stegonsporium acerophilum D5 EU039993.1

Natarajania indica GUFCC 5240 HM171321.1

\,_r Stilbospora macrosperma CBS 121883 JX517299.1
Crinitospora pulchra CPC 22807 KJ710443.1
1/100 [ Apoharknessia insueta CBS 111377 AY720814.1

Apoharknessia insueta CBS 114575 AY720813.1

Pseudoplagiostoma oldii CBS 115722 GU973610.1
Pseudoplagiostoma eucalypti CBS 116382 GU973608.1

Auratiopycnidiella tristaniopsis CPC 16371 JQ685522.1
r Harknessia fusiformis CPC 13649 JQ706220.1
Harknessia eucalyptorum CPC 14951 JQ706218.1
Jﬁ[ Harknessia hawaiiensis CPC 15003 JQ706230.1
Harknessia pseudohawaiiensis CPC 13001 JQ706232.1
106 Coniella wangiensis CBS 132530 JX069857.2

Coniella fragariae CBS 172.49 AY339282.1
—E;Coniella quercicola CBS 283.76 KX833413.1
1/89 Coniella eucalyptigena CBS 139893 KR476760.1

r Disculoides calophyllae CBS 142080 KY979800.1
L84 Disculoides corymbiae CPC 28864 KY173495.1

0.96/-

0.93/-

0.96/- ——]

|/

0.97/-

0.80/-—

Disculoides eucalyptorum CPC 17648 JQ685524.1
0 98ITL|:Chrysocrypta corymbiae CBS 132528 JX069851.1
' Erythrogloeum hymenaeae CPC 18819 JQ685525.1
Amphilogia gyrosa CBS 112922 FJ176889.1
| r Immersiporthe knoxdaviesiana CMW 37314 NG_042657.1
T Holocryphia eucalypti CMW 7033 JQ862751.1
Corticimorbus sinomyrti CERC 3631 KT167180.1
Cryphonectria macrospora AR 3444 AF408340.1
Celoporthe dispersa CMW 9976 HQ730853.1
Chrysoporthe inopina CMW 12731 JN940841.1
Aurifilum marmelostoma CMW 28285 HQ730873.1
1/89¢ Latruncellus aurorae CMW 28276 NG_042572.1

Fig. 1. Consensus phylogram (50 % majority rule) from a Bayesian analysis of the LSU sequence alignment. Bayesian posterior probabilities (PP)
>0.74 and maximum parsimony bootstrap support values (MP-BS) >74 % are shown at the nodes (PP/MP-BS) and thickened lines represent those
branches present in the strict consensus maximum parsimony tree. The scale bar represents the expected changes per site. Families are indicated
with coloured blocks to the right of the tree and the genera in Tubakiaceae are highlighted on the tree. Culture/specimen and GenBank accession
numbers are indicated behind the species names. The tree is rooted to Phialemonium atrogriseum (GenBank HQ231984.1) and the novel family and

genera are indicated in bold fac

e.

Phialemonium atrogriseum CBS 981.70 HQ231984.1

1/94 Hercospora tiliae AR 3526 AF408365.1
_Emproconium desmazieri MFLUCC 15-0873 KX430141.1

Lamproconiaceae

Coryneaceae

Asterosporiaceae

Sydowiellaceae

Prosopidicolaceae
Cytosporaceae

Macrohilaceae

Diaporthaceae

Stilbosporaceae

Apoharknessiaceae
Pseudoplagiostomaceae

Auratiopycnidiellaceae

Harknessiaceae

Schizoparmaceae

Erythrogloeaceae

Cryphonectriaceae
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0.86/-

0.77/100

™~ Melanconiella ellisii BPI 878343 JQ926271.1
Melanconiella chrysostroma AR 3457 AF408369.1

The genus Tubakia s. lat. ] ‘ H

- Juglanconis oblonga ME19 KY427154.1
‘I Juglanconis oblonga ME14 KY427151.1

Juglanconis pterocaryae ME20 KY427155.1

Juglanconis appendiculata ME17 KY427144.1

1100~ Melanconis stilbostoma AR 3886 EU255137.1

Melanconis marginalis AR 3442 AF408373.1

Melanconis alni AR 3500 AF408371.1
Melanconis italica IT 1557 MF190096.1
Gnomoniopsis chamaemori CBS 803.79 EU255107.1

Gnomonia setacea AR 3451 AF362563.1
Gnomoniella nana CBS 833.79 DQ323522.1
Apiognomonia hystrix CBS 209.67 EU255179.1
Apiognomonia errabunda AR 2813 NG_027592.1 Gnomoniaceae
Gnomonia dispora CBS 205.37 EU199128.1
Plagiostoma euphorbiae CBS 340.78 AF408382.1

Plagiostoma amygdalinae CBS 791.79 EU255165.1

Plagiostoma euphorbiaceum AR 4186 EU255177.1
Greeneria uvicola FI12007 GQ870619.1

Juglanconidaceae

Melanconidaceae
1/100

0.97/77

Melanconiellaceae

1/98" Melanconiella spodiaea SPOD1 JQ926301.1

- Apiognomonioides supraseptata CBS 632.92 § Apiognomonioides gen. nov.

1/93

0.92/-

0.99/- %;u
1/93 {‘

1/80 —

- Oblongisporothyrium castanopsidis CBS 124732 ' : .
1/- oss] Oblongisporothyrium castanopsidis CBS 189.71 Oblongisporothyrium gen. nov.
&Saprothyrium thailandense MFLU 13-0260 @ Saprothyrium gen. nov.
_Racheliella saprophytica NTCL052-1 | ;
Y Racheliella wingfieldiana CPC 13806 Racheliella gen. nov.
ikl — Paratubakia subglobosoides MUCC2293

Paratubakia subglobosa CBS 124733
Paratubakia subglobosa CBS 193.71
Involutiscutellula rubra CBS 192.71
Involutiscutellula rubra MUCC2304

Involutiscutellula rubra MUCC2303

~r Sphaerosporithyrium mexicanum CPC 33021

Sphaerosporithyrium mexicanum CPC 32258

r Tubakia iowensis CBS 129012

I Tubakia melnikiana CPC 32255

— Tubakia sierrafriensis CPC 33020

- Tubakia halli CBS 129013

- Tubakia halli CBS 137348

Tubakia californica CPC 31505
Tubakia dryina CBS 114386

Tubakia dryinoides CBS 329.75
Tubakia seoraksanensis CPC 26552
Tubakia californica CPC 31506
Tubakia melnikiana CPC 32254
Tubakia dryina CBS 112097

Tubakia americana CBS 129014
Tubakia sp. 1 CBS 115011

Tubakia dryinoides MUCC2290
Tubakia paradryinoides MUCC2294
Tubakia japonica MUCC2296

Tubakia oblongispora MUCC2295

Tubakia suttoniana CBS 639.93

Tubakia japonica CBS 191.71

- Tubakia liquidambaris CBS 139744

- Tubakia tiffanyae A627

- Tubakia tiffanyae A800

Tubakia suttoniana CBS 387.89
Tubakia seoraksanensis CBS 127490
Tubakia seoraksanensis CBS 127491

I Paratubakia gen. nov.

I Involutiscutellula gen. nov.

' Sphaerosporithyrium gen. nov.

Tubakiaceae fam. nov.

Tubakia

0.75/- W

Fig. 1. (Continued).

trees, the first of which is shown in Fig. 3 (Length = 2 660, CI
= 0.665, Rl = 0.916, RC = 0.609), and the bootstrap support
values (MP-BS) were mapped on the tree as the second value
(MP-BS >74 % shown). From the analysed characters, 734 were
constant, 184 were variable and parsimony-uninformative
and 822 were parsimony-informative. A strict consensus tree

was calculated from the equally most parsimonious trees and
the strict consensus branches were mapped with a thicker
line on the presented phylogenetic tree (Fig. 3). MrModelTest
recommended that the Bayesian analysis should use dirichlet
base frequencies for the tef1 and tub2 data partitions and equal
base frequencies for the ITS partition. The SYM+I+G model was
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Sordaria fimicola CBS 723.96 DQ368647.1
1/100I Corayneum arausiaca MFLU 14-0796 MF377609.1
Coryneum arausiaca IT 1144 MF377610.1
Stilbospora macrosperma D57 KF570196.1
Stegonsporium acerophilum D5 KF570173.1 Stilbosporaceae
Stegonsporium pyriforme D85 KF570190.1
1/1001 Phaeoappendicospora thailandensis TL19 MF377613.1 .
Phaeoappendicospora thailandensis MFLU 12-2131 MF377614.1 Incertae sedis
1/100l Mazzantia napelli AFTOL-ID 2126 DQ862020.1
Mazzantia napelli AR 3498 EU219345.1
1/997— Ophiodiaporthe cyatheae YMJ 1364 JX570893.1 Diaporthaceae
_EI Chiangraiomyces bauhiniae MFLU 17-0964 MF377603.1
1/92 1/100" Chiangraiomyces bauhiniae CHUNI 81 MF377604.1
1/100- Valsella salicis AR 3514 EU219346.1
Valsa nivea CFCC 89643 KF765717.1
Cytospora chrysosperma CFCC 89630 KF765706.1
Cytospora hippophaes CFCC 89640 KF765714.1
1/100; Cytospora centrivillosa IT 2132B MF377600.1
Cytospora centrivillosa IT 2132 MF377601.1
Juglanconis appendiculata D96 KY427189.1
11001 Juglanconis pterocaryae ME20 KY427205.1
0.97/96 ——__| Juglanconis juglandina D142 KY427195.1
Juglanconis juglandina ME22 KY427199.1
Juglanconis juglandina ME23 KY427200.1 Juglanconidaceae
Juglanconis juglandina ME16 KY427198.1
Juglanconis oblonga ME14 KY427201.1
1/86% Juglanconis oblonga ME18 KY427203.1
Juglanconis oblonga ME19 KY427204.1
Melanconis betulae CFCC 50471 KT732984.1
Melanconis itoana CFCC 50474 KT732987.1
Melanconis stilbostoma AR 3501 EU219299.1
Melanconis stilbostoma CFCC 50475 KT732988.1
Melanconis marginalis AR 3442 EU219301.1
Melanconis alni AR3748 EU199153.1
Melanconis italica MFLU 17-0879 MF377602.1
Melanconis alni AR 3500 EU219300.1

1795 1,,7— Ditopellopsis sp. CBS 121471 EU219254.1
Gnomoniopsis racemula AR 3892 EU219241.1
1/100; Sirococcus tsugae CBS 119626 EU199159.1

Sirococcus tsugae AR 4010 EU219289.1

1/100; Ambarignomonia petiolorum CBS 116866 EU199151.1
Ambarignomonia petiolorum AR 4082 EU219307.1

Pleuroceras tenellum CBS 121082 EU199155.1
Pleuroceras pleurostylum CBS 906.79 EU219311.1
Pleuroceras oregonense AR 4333 EU219313.1
Ophiognomonia vasilievae AR 4298 EU219331.1
1/94r Cryptosporella betulae 109763 EU199139.1
Cryptosporella hypodermia AR3552 EU199140.1
Cryptosporella suffusa CBS 121077 EU199142.1
Cryptosporella suffusa CBS 109750 EU199163.1
Gnomonia gnomon CBS 199.53 EU219295.1

Discula destructiva CBS 109771 EU199144.1

1/1001 Occultocarpon ailaoshanense BPI 879253 JF779856.1

Occultocarpon ailaoshanense BPI 879254 JF779857.1
1100[ Ditopella ditopa CBS 109748 EU199145.1
m[l Ditopella biseptata MFLU 15-2661 MF377616.1
Ditopella biseptata IT 1891 MF377617.1

Alnecium auctum PAT KF570170.1
Amphiporthe hranicensis CBS 119289 EU199137.1
. Plagiostoma euphorbiae CBS 340.78 DQ368643.1
0.94/- Cryptodiaporthe salicella CBS 109755 EU199141.1
Plagiostoma dilatatum LCM 402.02 GU367104.1
1/100 Plagiostoma aesculi CBS 109765 EU199138.2
Plagiostoma aesculi LCM 447.01 GU367110.1
1/100; Apiognomonia errabunda AFTOL-ID 2120 DQ862014.1
v Apiognomonia veneta CBS 897.79 EU219259.1

Coryneaceae

1/100
—

Cytosporaceae

0.75/- —l90)
S

Melanconidaceae

—
1/93

1/100

0.97/-

Gnomoniaceae

0.1

Fig. 2. Consensus phylogram (50 % majority rule) from a Bayesian analysis of the rpb2 sequence alignment. Bayesian posterior probabilities (PP)
>0.74 and maximum parsimony bootstrap support values (MP-BS) >74 % are shown at the nodes (PP/MP-BS) and thickened lines represent those
branches present in the strict consensus maximum parsimony tree. The scale bar represents the expected changes per site. Families are indicated
with coloured blocks to the right of the tree and the genera in Tubakiaceae are highlighted on the tree. Culture/specimen and GenBank accession
numbers are indicated behind the species names. The tree is rooted to Sordaria fimicola (GenBank DQ368647.1) and the novel family and genera are
indicated in bold face.
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0.99/-

—
1/90

The genus Tubakia s. lat.

7]

Amphilogia gyrosa AFTOL-ID 1985 FJ238374.1

Cryphonectria parasitica AFTOL-ID 2123 DQ862017.1
Chromendothia citrina AR 3446 EU219342.1
Cryphonectria macrospora CBS 109764 EU220029.1
Coniella obovata CBS 111025 KX833497.1
Coniella peruensis CBS 110394 KX833499.1
Coniella wangiensis CBS 132530 KX833509.1
Coniella tibouchinae CBS 131594 KX833507.1
Coniella diplodiella CBS 111858 KX833423.1

Coniella straminea CBS 149.22 KX833506.1

Coniella africana CBS 114133 KX833421.1

Coniella koreana CBS 143.97 KX833490.1
1/100; Microascospora rubi MFLU 15-1112 MF377611.1

Microascospora rubi MFLU 17-0886 MF377612.1
Melanconiella chrysomelanconium MFLU 17-0966 MF377619.1
Melanconiella ellisii BPI 878343 JQ926339.1
Melanconiella spodiaea MSH JQ926364.1

Melanconiella spodiaea SPOD1 JQ926367.1
Racheliella wingfieldiana CPC 13806 § Racheliella gen. nov.
1/100; Oblongisporothyrium castanopsidis MUCC2289
Oblongisporothyrium castanopsidis MUCC2288
Paratubakia subglobosoides MUCC22893
-, 1/100; Paratubakia subglobosa MUCC2310
Paratubakia subglobosa MUCC2311
Involutiscutellula rubra MUCC2302
Involutiscutellula rubra MUCC2308
Involutiscutellula rubra MUCC2307
Involutiscutellula rubra MUCC2303

Cryphonectriaceae

Schizoparmaceae

Melanconiellaceae

' Oblongisporothyrium gen. nov.

I Paratubakia gen. nov.

1/100
I

0.84/93 <
1/100~

Involutiscutellula rubra MUCC2304
Involutiscutellula rubra MUCC2305
Involutiscutellula rubra MUCC2306
Involutiscutellula rubra MUCC2309
Involutiscutellula rubra CBS 192.71
Sphaerosporithyrium mexicanum CPC 33021 § Sphaerosporithyrium gen. nov.
Tubakia oblongispora MUCC2295

Involutiscutellula gen. nov.

[/

0.98/-

078/76— |

1/100

/1

§{ Tubakia dryina CBS 112097
Tubakia dryina CBS 114912
Tubakia dryina CBS 129016
\ — Tubakia paradryinoides MUCC2294
=i flr Tubakia americana CBS 129014
1

=
=
N
o

Tubakia dryinoides CBS 329.75 Tubakiaceae fam. nov.

Tubakia dryinoides MUCC2292

0.96/-

1/100

{ Tubakia dryinoides MUCC2291
LL

Tubakia dryinoides MUCC2290
Tubakia sierrafriensis CPC 33020
Tubakia halli CBS 129013
Tubakia halli CPC 23753

Tubakia californica CPC 31496

r Tubakia sp. 1 CBS 115011

Tubakia melnikiana CPC 32249

Tubakia melnikiana CPC 33252

Tubakia suttoniana CBS 639.93

Tubakia suttoniana CBS 229.77

Tubakia seoraksanensis CBS 127491

Tubakia seoraksanensis CBS 127492

Tubakia japonica MUCC2296

Tubakia japonica MUCC2300

Tubakia japonica MUCC2301

Tubakia japonica MUCC2299

- Tubakia californica CPC 31505

Tubakia californica CPC 32250

Tubakia melnikiana CPC 32255

Tubakia japonica MUCC2298

Tubakia japonica MUCC2297

0.83/]

1/99
VR Tubakia

0.99/81

0.87/-

0.95/-

0.1

Fig. 2. (Continued).

proposed for ITS and HKY+I+G for tef1 and tub2. The Bayesian
analyses generated 12 702 trees from which 9 528 trees were
sampled after 25 % of the trees were discarded as burn-in. The
posterior probability values (PP) were calculated from the 9
528 trees (Fig. 3; first value: PP >0.74 shown). The alignment

contained a total of 925 unique site patterns (ITS: 229, tefi:
423, tub2: 273). The Bayesian phylogeny supported the same
terminal clades as those presented in the parsimony phylogeny
(Fig. 3), with some rearrangements in the order of the clades
(data not shown, available in TreeBASE).
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Melanconis groenlandica CBS 116540
CPC 13806 Syzigium guineense South Africa

1/100] CBS 124732 Castanopsis cuspidata Japan
CBS 189.71 Castanopsis cuspidata Japan
MUCC2293 Quercus glauca Japan Paratubakia subglobosoides gen. et sp. nov.
1/100f CBS 124733 Quercus glauca Japan
CBS 193.71 Quercus glauca Japan
MUCC2308 Quercus phillyraeoides Japan
— 200 MUCC2306 Quercus phillyraeoides Japan
MUCC2303 Quercus phillyraeoides Japan
MUCC2307 Quercus phillyraeoides Japan
MUCC2309 Quercus phillyraeoides Japan
MUCC2304 Quercus phillyraeoides Japan
CBS 192.71 Quercus phillyraeoides Japan
MUCC2305 Quercus phillyraeoides Japan

CPC 32258 Quercus eduardi Mexico

1/100 3 3 i
79 CPC 31361 Quercus eduardi Mexico Sgrt:'ag{c;??cr)]gg.]ynum mexicanum
0.99/- ’ CPC 33021 Quercus eduardi Mexico

MUCC2294 Quercus acutissima Japan
1100l - CBS 129014 Quercus macrocarpa USA
1/-— MUCC2291 Castanea pubinervis Japan

Racheliella wingfieldiana gen. et sp. nov.

Oblongisporothyrium castanopsidis
gen. et comb. nov.

0.96/92

-/100 Paratubakia subglobosa gen. et comb. nov.

Involutiscutellula rubra
gen. et comb. nov.

0.91/100

Tubakia paradryinoides sp. nov.
Tubakia americana

1/- — q q
MUCC2290 Castanea pubinervis Japan . .
1/100— ; : Tubakia dryinoides sp. nov.
0.79/99 MUCC2292 Quercus phillyraeoides Japan 4 P
. ~N

] CBS 329.75 Quercus sp. France
-199 CBS 335.86 Quercus pedunculata France
| - MUCC2295 Quercus serrata Japan
CBS 112097 Quercus robur Italy
CBS 114386 Quercus robur New Zealand
CBS 114912 Quercus sp. Netherlands
CBS 114915 Quercus sp. Netherlands
CBS 114919 Quercus sp. Netherlands
CBS 114920 Quercus sp. Netherlands
CBS 115007 Quercus robur Netherlands
CBS 115009 Quercus robur Netherlands
CBS 115012 Quercus robur Netherlands
CBS 115014 Quercus robur Netherlands
CBS 115096 Quercus robur Netherlands
1100 CBS 115100 Quercus sp. Netherlands
CBS 115102 Quercus robur Netherlands
CBS 115306 Quercus robur Netherlands
CBS 115308 Quercus robur Netherlands
CBS 115971 Unknown Netherlands
CBS 116070 Unknown Netherlands
CBS 129016 Quercus alba USA
CBS 129018 Quercus macrocarpa USA

Tubakia oblongispora sp. nov.

0.99/100

/100

Ir

1/100} Tubakia dryina

50 Y

Fig. 3. The first of 1 000 equally most parsimonious trees obtained from the combined ITS/tef1/tub2 alignment. Bayesian posterior probabilities (PP)
>0.74 and maximum parsimony bootstrap support values (MP-BS) >74 % are shown at the nodes (PP/MP-BS) and thickened lines represent those
branches present in the strict consensus maximum parsimony tree. The scale bar represents the number of changes per site. Species and species
complexes are indicated with coloured blocks to the right of the tree. Culture numbers, host and country of origin are indicated for each strain. The
tree is rooted to Melanconis groenlandica (culture CBS 116540) and taxonomic novelties and ex-type cultures are indicated in bold face.

Eighteen species lineages/clades are represented in Overall, the same species clades/lineages are observed in the

the phylogenetic tree (Fig. 3). The majority of species were
supported by high posterior probability or bootstrap support
values, especially in the basal part of the tree (Fig. 3, part 1).
However, the bottom half of the second part of the phylogeny
was not as well resolved as the basal part of the phylogeny,
with most of the phylogenetic signal coming from the tub2
sequences.

individual gene trees, although the order or basal organisation
sometimes changed between the different loci (data not
shown). ITS was the least successful in resolving species clades
(for example T. paradryinoides/dryinoides and the T. suttoniana
complex). In addition, two isolates of T. japonica (MUCC2297,
MUCC2298) and one of T. seoraksanensis (CPC 26553) clustered
in the T. dryina clade. The tefl phylogeny could not resolve
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— CPC 33020 Quercus eduardi Mexico
CPC 23753 Quercus sp. Iran
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T CBS 129017 Quercus macrocarpa USA
1/100 CBS 129019 Quercus macrocarpa USA
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CPC 31497 Quercus agrifolia USA
CPC 31498 Quercus agrifolia USA
0.97.W | CPC 31499 Quercus wislizeni USA
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1ga—|k CBS 127492 Quercus mongolica South Korea
0.95/58 CBS 127490 Quercus mongolica South Korea
CBS 127491 Quercus mongolica South Korea

—

/100"

r MUCC2296 Castanea pubinervis Japan
1/99§ MUCC2297 Castanea pubinervis Japan
1/961 MUCC2298 Castanea pubinervis Japan
CBS 191.71 Castanea pubinervis Japan
MUCC2300 Castanea pubinervis Japan
MUCC2301 Castanea pubinervis Japan
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Fig. 3. (Continued).

T. paradryinoides/dryinoides and isolates of T. suttoniana
did not cluster together in a monophyletic lineage. The tub2
phylogeny provided the best resolution for T. oblongispora and
T. paradryinoides. However, two isolates of T. rubra (MUCC2304,
MUCC2306) clustered in the T. dryinoides clade and one isolate
of T. californica (CPC 32250) clustered in the T. melnikiana
clade. Given the overlap in hosts and geographical distribution
between the different species, exchange of genetic material
between the different species cannot be ruled out.

Tubakia sierrafriensis sp. nov.

Tubakia hallii

Tubakia iowensis

Tubakia californica sp. nov.

Tubakia suttoniana nom. nov.

Tubakia melnikiana sp. nov.

Tubakia sp. 1

Tubakia seoraksanensis

Tubakia suttoniana complex

Tubakia japonica

Combined ITS/tef1/tub2 phylogeny —T. suttoniana complex
A subset combined alignment was subjected to Bayesian
and parsimony analyses to better resolve the sp