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ABSTRACT

ARTICLE HISTORY

Meredithiella norrisii (Microascales, Ceratocystidaceae) is an ambrosia fungus carried in mycangia
of the North American ambrosia beetle, Corthylus punctatissimus. Reports on the identity of the
fungal symbionts of other species of Corthylus have been inconsistent. This study tested the
hypothesis that Meredithiella spp. are the primary symbionts of Corthylus spp. Cultures and/or
internal transcribed spacer (ITS) rDNA barcode sequences of Meredithiella spp. were obtained
consistently from beetles and galleries of nine Corthylus spp. The ITS sequences of three putative
species of Meredithiella were associated with C. consimilis and C. flagellifer in Mexico and C.
calamarius in Costa Rica. The symbiont of C. columbianus in the USA was identified as M. norrisii.
Two new Meredithiella spp. are described: M. fracta from C. papulans in Florida and Honduras, and
M. guianensis associated with C. crassus and two unidentified Corthylus spp. in French Guyana. The
Meredithiella spp. propagate in the mycangia of adult females by thallic-arthric growth, and the
ambrosia growth in larval cradles comprises bead-like hyphal swellings or conidiophores, with or
without terminal aleurioconidia. Bayesian phylogenetic analysis of a combined 18S and 28S nuc
rDNA and translation elongation factor 1-α (TEF1-α) data set demonstrated that Meredithiella is a
distinct monophyletic clade within the Ceratocystidaceae, but its phylogenetic placement with
regard to the other ambrosial genera in the family remains ambiguous. The mycangia of C.
punctatissimus and C. papulans are also compared using light microscopy and micro-computed
tomography (micro-CT) imaging, revealing that they differ in both size and shape, but these
differences may not correlate with different lineages of Meredithiella.
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INTRODUCTION
Like other ambrosia beetles (Kirkendall et al. 2015;
Hulcr and Stelinski 2017), species of Corthylus
(Coleoptera, Curculionidae, Scolytinae, Corthylini,
subtribe Corthylina) farm and feed upon fungal
gardens along the walls of their galleries and larval
cradles in wood. One or both sexes of adult ambrosia beetles use organs called mycangia to store and
transport actively growing propagules of their fungal
symbionts to establish fungal gardens in new trees
(Francke-Grosmann 1967; Six 2003). Usually the
adult female has the mycangia, but in Corthylus
males have the mycangia, which consist of a pair
of coiled, reticulated tubes in the prothorax that
open into the procoxal cavities (Schedl 1962;
Finnegan 1963; Giese 1967; Nord 1972).
Meredithiella norrisii was described as the mycangial
symbiont of C. punctatissimus (Mayers et al. 2015),
but the fungal species associated with mycangia of
other Corthylus have not been clearly identified.
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Corthylus species are only found in the Americas,
ranging from Canada to Argentina (Wood 1982;
Wood and Bright 1992), but many of the species
are uncommon and understudied (Wood 2007).
Some species construct galleries in living hosts and
are important pests. For example, C. columbianus
causes a discoloration known as flagworm in hardwoods (Nord 1972), and C. zulmae may facilitate
disease in Alnus acuminata in Colombia (Gil et al.
2004; Jaramillo et al. 2011). Of the four Corthylus
species in the USA, C. punctatissimus and C. columbianus are widespread in the eastern USA, C. petilus
is native to Arizona and Mexico, and C. papulans
(=C. spinifer) is an introduced species in Florida
(Wood 1977, 1982; Wood and Bright 1992).
Ambrosia beetles are associated with a variety of
fungi, including mutualistic primary ambrosia fungi
that serve as their main food source and have coadapted to be transmitted in mycangia (Batra 1985).
Auxiliary fungi may be transmitted on the cuticle or
in the gut (Batra 1985; Biedermann et al. 2013), or
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potentially in mycangia (Bateman et al. 2016), but
such auxiliary fungi may not be important symbionts (Harrington 2005). Many primary ambrosia
fungi are species of the genus Raffaelea
(Ophiostomatales) (Harrington et al. 2010;
Dreaden et al. 2014; Simmons et al. 2016), but
some ambrosia beetles with relatively large and specialized mycangia host ambrosia fungi in one of
three genera in the Microascales: Ambrosiella,
Phialophoropsis, and Meredithiella (Harrington
et al. 2010; Mayers et al. 2015).
A variety of fungi have been suggested to be the
primary ambrosia fungi of Corthylus. A yeast species in
Pichia was isolated from galleries, observed in mycangia,
and interpreted as a primary nutritional symbiont of C.
columbianus (Wilson 1959; Kabir and Giese 1966; Giese
1967; Gil et al. 2004). Batra (1967) identified the primary
symbiont of C. columbianus as Ambrosiella xylebori,
although illustrations suggest that the symbiont was
similar to M. norrisii, the recently described symbiont
of C. punctatissimus (Mayers et al. 2015). Mayers et al.
(2015) also detected DNA of another putative species of
Meredithiella in mycangia of C. consimilis.
Several species of Corthylus were encountered in
ongoing studies by the authors and collaborators, presenting opportunities to clarify the primary ambrosia fungi of
Corthylus. The goal of this study was to characterize
Corthylus mycangia, identify their fungal contents, isolate
symbionts from the beetles, and characterize ambrosia
growth in their galleries and larval cradles.

MATERIALS AND METHODS
Sample collection.—The following beetle and gallery
specimens were studied: Corthylus papulans: USA:
Florida, Gainesville, Austin Cary Forest (29.732161,
−82.219386), ethanol-baited light trap, two males kept
alive on moistened tissue paper until dissection, Spring
2016, C. Bateman; Honduras, Francisco Morazán,
campus of Zamerano Pan-American Agricultural
School, ethanol-baited light trap, one male
immediately preserved in 95% ethanol, Summer 2013,
C. Storer; C. crassus: French Guiana, near Kaw
Mountain (4.55892, −52.19662), gallery with male in
unidentified tree host immediately preserved in 97%
ethanol, Jun 2015, C. Bateman; Corthylus sp. A:
French Guiana, near Kaw Mountain (4.55892,
−52.19662), gallery with male in unidentified tree host
immediately preserved in 97% ethanol, Jun 2015, C.
Bateman; Corthylus sp. B: French Guiana, near Kaw
Mountain (4.55892, −52.19662), gallery with male in
unidentified tree host immediately preserved in 97%
ethanol, Jun 2015, C. Bateman; C. flagellifer: Mexico,

Michoacán, Ario de Rosales, six females in single
gallery in Persea americana, 23 Sep 2014, S. OchoaAscencio; and C. calamarius: Costa Rica, Cerro de la
Muerte, single male in Chusquea subtessellata, 26 Jun
2010, S. Smith.
Two herbarium specimens deposited in KANU
(University of Kansas Herbarium) as C. columbianus
gallery material were studied: KANU 376401 and
KANU 376400, cited by Batra (1967) as 1893-LRB
and 2032-LRB, respectively. Handwritten notes (presumably Batra’s) on the single packet in KANU
376401, which contained galleries in wood, identified
the contents as 1893-LRB but gave collection information (Oct. 1963, beech, Deer, Arkansas) that was not
consistent with Batra’s (1967) published notes for 1893LRB (May 1965, Ulmus sp., Deer, Arkansas), so the
material inside could not be verified. The other specimen (KANU 376400) contained three packets, collected
by J. C. Nord in Jun 1966 from Acer rubrum wood with
C. columbianus galleries, as well as a dried-down culture isolated from the gallery tunnels; the written notes
matched Batra’s (1967) published notes for 2032-LRB.
Males of C. consimilis and males and galleries of
C. punctatissimus, as well as M. norrisii cultures, were
available from a previous study (Mayers et al. 2015).

Mycangium dissection and observation.—Mycangia
were dissected and removed from freshly killed males
or ethanol-preserved specimens. For light microscopy,
the prothorax was separated and bisected longitudinally
and excess body tissue was trimmed carefully with a
scalpel until only the front leg, procoxa, and
mycangium remained. The leg/coxa/mycangium was
then mounted in cotton blue for imaging with
Normarski interference contrast microscopy (BH-2
compound microscope; Olympus, Melville, New
York). Images were captured using a Leica DFC295
camera and Leica Application Suite 3.6 (Leica
Camera, Allendale, New Jersey). Some images taken at
different focus levels and combined into a single focusstacked composite image using CombineZP (Alan
Hadley).
Three-dimensional images of mycangia were rendered using nondestructive X-ray tomography (microcomputed tomography [micro-CT] scans) using a
Pheonix v|tome|x m (GE, Boston, Massachusetts) at
the University of Florida Nanoscale Research Facility.
Settings were as described in Bateman et al. (2017), and
data were visualized post scan using VG StudioMAX
3.0 (Volume Graphics, Heidelberg, Germany). Most of
the tissues surrounding the mycangium, such as tracheoles, were collapsed in the dried specimens and were

MYCOLOGIA

easy to differentiate from the rigid, tubular mycangia.
The tubular process was highlighted manually and
appeared to denote the mycangium wall, including
gland cells, and the fungal cells within.
Fungal isolation from Corthylus papulans.—Fresh
males were surface-sterilized by immersing in 75%
ethanol for 10 s followed by two washes in sterile
deionized water and then dried on paper towels. The
prothorax was separated using a sterile scalpel, crushed
with sterile forceps, and plated directly onto malt
extract agar with streptomycin (SMA: 1% malt extract,
Difco Laboratories, Detroit, Michigan; 1.5% agar,
Sigma-Aldrich, St. Louis, Missouri; 100 ppm streptomycin sulfate added after autoclaving). Fungi growing
from the procoxal region or from fragmented sections
of the tubular mycangium were subcultured onto plates
of malt yeast extract agar (MYEA: 2% Difco malt
extract, 0.2% Difco yeast extract, 1.5% agar).
Microscopic examination of fungi and species
description.—Ambrosia growth in galleries or in pure
culture was scraped with a sterile needle and mounted
in cotton blue on a sterile microscope slide. Slides were
viewed by light microscopy and imaged as described
above.
For the novel species from C. papulans, agar plugs
with mycelia were cut with a no. 1 cork borer (3 mm
diam) taken from the leading margin of growth on
MYEA, placed onto the center of fresh MYEA, and
grown at 25 C in the dark for 5 d. Color designations
are those of Rayner (1970).
For the novel species associated with C. papulans, a
representative culture was deposited in the culture collection of the Westerdijk Fungal Biodiversity Centre,
Utrecht, the Netherlands (CBS), and a dried culture was
deposited in the U.S. National Fungus Collections (BPI)
as a holotype specimen. For the novel species associated
with multiple Corthylus spp. in French Guiana, a representative specimen was deposited in BPI as a holotype
specimen.
DNA extraction and sequencing.—DNA from
mycangia was extracted using either PrepMan Ultra
(Applied Biosystems, Foster City, California) or the
DNeasy Blood & Tissue Kit (Qiagen, Valencia,
California). In some cases, several mycangia from a
collection were combined for a single extraction. DNA
from fungal cultures (MYEA at room temperature,
4–14 d) was extracted using PrepMan Ultra, the
ProMega Wizard Genomic DNA Purification Kit
(Promega, Madison, Wisconsin), or the E.Z.N.A.
Fungal DNA Mini Kit (Omega Bio-tek, Norcross,
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Georgia). DNA was obtained from gallery specimens
using PrepMan Ultra. Some PrepMan Ultra extractions
were concentrated using Amicon Ultra-0.5 centrifugal
filter devices (EMD Millipore, Billerica, California).
Amplification and sequencing of the nuc rDNA
internal transcribed spacer (ITS) barcode (ITS1-5.8SITS2 = ITS), nuc 18S rDNA (18S), and translation
elongation factor 1-α (TEF1-α) were as described in
Mayers et al. (2015). For nuc 28S rDNA (28S), amplification used primers LR0R and LR5 and sequencing
used LR0R and LR3 (Vilgalys 2005), with the ITS polymerase chain reaction (PCR) conditions described in
Mayers et al. (2015). For ITS sequencing from extracted
DNA that was potentially mixed with DNA of contaminating fungi or in low yield (such as galleries, dried
specimens, whole beetles, or dissected beetle mycangia),
the Ceratocystidaceae-specific primer pairs Cerato1F/
ITSCer3.7R and ITSCer3.1/ITS4 were used for amplification and sequencing (Mayers et al. 2015).
Complementary and overlapping DNA reads were
checked and assembled using Sequence Navigator
1.0.1 or AutoAssembler 1.3.0 (Applied Biosystems).
Phylogenetic analyses for ITS.—New ITS sequences
were manually aligned using Notepad++ 6.5.5. The data
set (TreeBASE URL: http://purl.org/phylo/treebase/phy
lows/study/TB2:S20925) had 492 aligned characters,
including gaps, of which 38 were parsimonyinformative, 53 were variable but parsimonyuninformative, and 401 were constant. To illustrate
sequence differences among isolates, including singlebase indels, a maximum parsimony (MP) analysis was
performed with PAUP 4.0b10 (Swofford 2003) with
gaps treated as a fifth state, stepwise addition, and the
tree-bisection-reconnection (TBR) branch-swapping
algorithm. The outgroup taxa were Ceratocystis
norvegica, Ceratocystis adiposa, and Ambrosiella
xylebori (TABLE 1), which are close relatives to
Meredithiella within the Ceratocystidaceae (Mayers
et al. 2015). The tree was midpoint rooted. Bootstrap
branch support values were obtained with 1000
replications in PAUP.
Phylogenetic analyses of multigene data set.—A
combined data set (TreeBASE URL: http://purl.org/
phylo/treebase/phylows/study/TB2:S20924) of sequences
of 18S (aligned length 1600 bp), 28S (592 bp), and
TEF1-α (1226 bp), total aligned length 3478 characters,
was aligned manually in Notepad++ and included
sequences from Mayers et al. (2015, 2017) and newly
generated sequences (TABLE 1). The TEF1-α alignment
included an intron of 124 bp that could not be

Meredithiella sp.
Meredithiella sp.
Phialophoropsis L.R. Batra emend. T.C. Harr.
P. ferruginea (Math.-Käärik) T.C. Harr.
Phialophoropsis sp.
Other Ceratocystidaceae
Ceratocystis adiposa (Butler) C. Moreau
C. fagacearum (Bretz) J. Hunt
C. fimbriata Ellis & Halst
C. norvegica J. Reid & Hausner
C. variospora (R.W. Davidson) C. Moreau emend. J.A.
Johnson & T.C. Harr.
Endoconidiophora coerulescens Münch.
E. virescens R.W. Davidson
Huntiella moniliformis (Hedgc.) Z.W. de Beer, T.A.
Duong & M.J. Wingf
H. moniliformopsis (Yuan & Mohammed) Z.W. de
Beer, T.A. Duong & M.J. Wingf.

Meredithiella sp.

M. guianensis

M. fracta

Species
Ambrosiella Arx & Hennebert emend. T.C. Harr.
A. batrae C. Mayers, McNew & T.C. Harr.
A. beaveri Six, de Beer & W.D. Stone
A. cleistominuta C. Mayers & T.C. Harr.
A. nakashimae McNew, C. Mayers & T.C. Harr.
A. grosmanniae C. Mayers, McNew & T.C. Harr.
A. hartigii L.R. Batra
A. roeperi T.C. Harr. & McNew
A. xylebori Brader ex Arx & Hennebert
Meredithiella McNew, C. Mayers & T.C. Harr.
M. norrisii McNew, C. Mayers & T.C. Harr.

M243 (BPI 893129)
C2230 (CBS 460.82)
C999 (CBS 183.86)
C927 (CBS 129242)
C1099 (ICMP 8579)
C3124 (UAMH 9778)
C1963 (CBS 135862)
C301 (CBS 100198)
C252 (CBS 128998)
C1007 (CBS 204.90)
C1934 (DAR 74609)

Colorado, USA
Germany
Ontario, Canada
Iowa, USA
Papua New Guinea
Norway
Iowa, USA
Minnesota, USA
New York, USA
India
Warra, Tasmania

Trypodendron lineatum
T. domesticum

C. calamarius
C. flagellifer

C. consimilis

Corthylus sp. B

Corthylus sp. A

C. crassus

M541
M574

M260

M546

M544

BPI 910532

C3152 (CBS 139737)
KANU 376400
C4171 (CBS 142645)
M540

139735)
121750)
141682)
139739)
137359)
404.82)
135864)
110.61)

Iowa, USA
Arkansas, USA
Florida, USA
Francisco Morazan,
Honduras
Kaw Mountain,
French Guiana
Kaw Mountain,
French Guiana
Kaw Mountain,
French Guiana
La Esperanza,
Mexico
Costa Rica
Michoacán, Mexico

(CBS
(CBS
(CBS
(CBS
(CBS
(CBS
(CBS
(CBS

Corthylus punctatissimus
C. columbianus
C. papulans
C. papulans

C3130
C2749
C3843
C3445
C3151
C1573
C2448
C3051

Culture or specimen number (s)

Michigan, USA
Mississippi, USA
Ohio, USA
Georgia, USA
Iowa, USA
Germany
Georgia, USA
Ivory Coast

Locality

Anisandrus sayi
Cnestus mutilatus
An. maiche
Xylosandrus amputatus
X. germanus
An. dispar
X. crassiusculus
X. compactus

Ambrosia beetle host

1

=NR119507

=DQ074739

KC305116

=DQ318195
=KC305152
AY157957
DQ318194

KR611328
KC305146

KY744581
KY744580

KR611327

=KY744583

KY744582

KY744583

KR611326
ITS1 = KR611326
KY744578
KY744579

KR611322
KF669875
KX909940
KR611323
KR611324
KF669873
KF669871
KF669874

ITS

Table 1. Collection information and GenBank accessions for studied cultures and specimens of Ceratocystidaceae and outgroup taxa.

KF646769

AF275510
=KM495385
AF222487

=KM495320
=AF222483
=KR347445
KY744591
KF646773

KY744224
KF646766

KY744223

KY744590

KY744589

KY744584
KF646765
KY744585
KY744586
KY744587
KY744588
KF646767
KM495318

LSU

2

SSU

KR673898

KR673895
KX925306
KR673896

KR673891
KR673892
KR673893
KR673894
KX925305

KR673889
KR673890

KY744227

KY744594

KR673888

KR673881
KR673882
KX925304
KR673883
KR673884
KR673885
KR673886
KR673887

GenBank Accession No

(Continued )

HM569638

HM569653
HM569645
KT318391

HM569644
KT318389
HM569615
KT318390
KR347450

KT318387
KT318388

KY773180

KY773179

KT318386

KT290320
KT318380
KX925309
KT318381
KT318382
KT318383
KT318384
KT318385

TEF-1a
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Ambrosia beetle host

Culture or specimen number (s) 1
C792
C1372 (CBS 414.52)
C1107
C1375 (CBS 354.76)
C869 (CBS 114.47)
C1378 (CBS 130.39)

Locality
Minnesot a, USA
Netherlands
South America
Baarn, Netherlands
California, USA
Oklahoma, USA

AF275486

AF275495

ITS
KR611330
AF275481
=KJ881375
AF275483

AF222518

FJ176834
AF176951

EU552135
AF222497

KX925308

SSU
KR673897
KX925307
KR673899
KY744595

2

AF222480

AF275513

LSU
KY744592
AF222458
KY744593
AF275502

GenBank Accession No

HM569657
KY964491

HM569627

KX925310

TEF-1a
KT318392
HM569628
HM569632
HM569625

Includes isolate or specimen numbers from the Iowa State University collection (beginning with C or M), Westerdijk Fungal Biodiversity Institute (CBS), U.S. National Fungus Collections (BPI), New South Wales Plant
Pathology Herbarium (DAR), UAMH Centre for Global Microfungal Diversity (UAMH), International Collection of Microorganisms from Plants (ICMP), and the University of Kansas McGregor Herbarium (KANU).
2
GenBank accession numbers preceded by ‘=’ represent identical (100% identity) match

1

Species
Huntiella sp.
Thielaviopsis basicola (Berk. and Broome) Ferraris
Thielaviopsis ethacetica Went
Thielaviopsis ovoidea (Nag Raj & W.B. Kendr.) A.E.
Paulin, T.C. Harr. & McNew
Thielaviopsis punctulata (Hennebert) A.E. Paulin, T.C.
Harr. and McNew
Thielaviopsis thielavioides (Peyronel) A.E. Paulin, T.C.
Harr. & McNew
Outside the Ceratocystidaceae
Knoxdaviesia capensis M.J. Wingf. & P.S. van Wyk
Plectosphaerella cucumerina (Lindf.) W. Gams

Table 1. (Continued).
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unambiguously aligned across all taxa, and a singlecodon (3 bp) insert found only in the two outgroup
taxa. These 127 characters were eliminated before
analyses, leaving 3351 characters in the final combined
data set. The outgroup taxa were Plectosphaerella
cucumerina and Knoxdaviesia capensis (TABLE 1).
For Bayesian analysis of the combined data set, optimum models and partitions were found using
PartitionFinder 2 (Lanfear et al. 2016) with linked
branch lengths, all models, “aicc” (converted Aikaike
information criterion) model selection, and a greedy
algorithm (Lanfear et al. 2012), powered by PhyML
(Guindon et al. 2010). The best models and partitions
were found to be TRN+G for 18S; F81+I+G for TEF1-α
codon positions 1 and 2; GTR+G for TEF1-α codon
position 3; and SYM+G for 28S. A Bayesian consensus
tree was produced with MrBayes 3.2.2 (Ronquist and
Huelsenbeck 2003) using these models, and a single
Markov chain Monte Carlo (MCMC) run with four
chains (one cold, three heated) for 1 000 000 generations, after which a burn-in of 15% was applied. A
consensus tree was generated using the SUMT function.
To obtain further branch support for the Bayesian
tree, maximum likelihood (ML) and maximum parsimony (MP) bootstrap analyses were run on the same
multigene alignment. The ML analysis was performed
with RAxML 8.2.7 (Stamatakis 2014), using the model
GTR+I+G selected with PartitionFinder 2 in “raxml”
mode. Bootstrap values were obtained with 1000 replicates and ML nonparametric analysis, with each replicate
starting from a randomized MP starting tree. The MP
analysis was performed with PAUP 4.0b10 by running
1000 bootstrap replicates of a full heuristic analysis with
gaps treated as a fifth state; the multigene alignment had
436 parsimony-informative, 284 variable but parsimonyuninformative, and 2631 invariant characters.

RESULTS
Mycangium observations.—Male specimens of C.
punctatissimus, C. consimilis, C. papulans, and C.
crassus had pairs of tube-shaped mycangia on the
lateral sides of the interior of the prothorax that fed
into the procoxal cavities (FIGS. 1A, B, 2A, B). The
mycangia of all four species had reticulated walls (FIG.
1B, F) and were packed with homogenous masses of
irregularly shaped, budding spores. The spores
persisted as a tightly packed columnar mass when
expelled from the mycangium by pressing with a glass
coverslip (FIG. 1D, F, G). The spores appeared to vary
in both size and shape, perhaps a consequence of
poorly developed cell walls.

As previously illustrated (Finnegan 1963), the mycangia of C. punctatissimus wound back and forth horizontally within the prothorax (FIG. 2A), as did the mycangia
of C. consimilis. The mycangia of C. crassus (not pictured) were similar to those of C. punctatissimus but
were significantly smaller and wound vertically rather
than horizontally. In C. papulans, the mycangia folded
posteriorly once and then tightly spiraled (FIG. 1A, B,
2B). At the center of this spiral, the tubes turned medially and ended in a loose spiral, like a pig’s tail (FIG. 1B).
All observed mycangia had large tracheoles nearby,
perhaps supplying oxygen to secretory gland cells. The
tracheoles could be mistaken for the mycangial tubes,
but the tracheoles were ribbed rather than reticulated,
and the tracheoles did not have spores within.
Fungal associations.—Adult specimens and/or galleries
of nine Corthylus spp. from five countries were studied for
the presence of Ceratocystidaceae, and each of the nine
species were associated with one of six putative species of
Meredithiella based on ITS DNA barcoding (FIG. 3).
Corthylus punctatissimus and C. columbianus
specimens.—Meredithiella norrisii was consistently
associated with C. punctatissimus (Mayers et al. 2015),
and cultures of this species produced characteristic
aleurioconidia on short side branches of conidiophores
on MYEA (FIG. 4A–D). Batra’s (1967) herbarium
specimens of C. columbianus galleries contained sparse
ambrosia growth that consisted of monilioid chains with
short, two-celled side branches (FIG. 4E), identical to
the ambrosia growth of M. norrisii in galleries of
C. punctatissimus. Amplification of ITS rDNA
was unsuccessful from the DNA extracted from
C. columbianus galleries. However, PCR was successful
with DNA extracted from the dried-down culture
included in KANU 376400, which was isolated from the
same galleries. The DNA extracted from a single
sporodochium taken from this dried culture yielded an
ITS1 sequence (using Ceratocystidaceae-specific primers)
that was identical to that of M. norrisii (FIG. 3).
Corthylus papulans specimens.—The dissected
mycangial contents of the two male specimens of
C. papulans trapped in-flight in Florida yielded a
pigmented fungus with a fruity odor on SMA (FIG. 4F).
The ITS sequences from the two isolates were identical and
similar to that of M. norrisii (FIG. 3). One of the mycangia
from the ethanol-preserved C. papulans male that was
trapped in-flight in Honduras was filled with a
homogenous mass of irregularly shaped fungal
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Figure 1. Mycangia and spores from Corthylus papulans (A–C), Corthylus crassus (D, E), and Corthylus consimilis (F, G). A. Mycangium
seen through exoskeleton of the dissected left half of prothorax; dotted lines trace the rest of the tube exiting into the mycangium
opening (mo) into coxal cavity above the coxa (co); beetle anterior is to the upper left. B. Spiraling mycangium terminus that travels
medially at center of spiral in A, showing reticulated walls. C. Spore mass squeezed from the mycangium. D, G. Columnar mass of
spores squeezed from the mycangium. E. Spores from mycangium. F. Spore mass exposed after the rigid, reticulated mycangium has
broken away. All photos by Nomarski interference microscopy of stained material (cotton blue). Bars: A = 100 µm; B–G = 10 µm.
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propagules (FIG. 1C). The DNA extracted from the other
mycangium of this beetle yielded an ITS sequence nearly
identical to the sequence from the cultures from Florida,
differing by only a single-base substitution (a “C” for a “T”)
in ITS2 (FIG. 3).
The isolates from the two C. papulans beetles
trapped in Florida produced branched monilioid
hyphae in culture (FIG. 4G, H), similar to the conidiophores of M. norrisii (FIG. 4B–E). However, thickwalled, terminal aleurioconidia were not seen in the
new species. The monilioid cells appeared to disarticulate into short chains or individual cells (FIG. 4J, K).

Some of the cells had golden inclusions of an unknown
substance (FIG. 4I), perhaps carotenoids (Avalos and
Limón 2015). One isolate (C4171) produced a
V-shaped sector in culture that produced small brown
spheres (FIG. 4L) that were similar to the immature
ascomata reported in Ambrosiella nakashimae and A.
cleistominuta (Mayers et al. 2015, 2017). Production of
the immature ascomata persisted after transfer of the
C4171 sector to new medium, but no asci or ascospores
were observed.

Figure 2. Micro-CT scans of adult male Corthylus species showing tubular mycangium structure highlighted in red. A. Corthylus
papulans. B. Corthylus punctatissimus. Bar = 0.5 mm.

Figure 3. One of 12 most parsimonious trees of representative Ceratocystis, Ambrosiella, and Meredithiella spp. based on sequences
of the internal transcribed spacer (ITS) regions 1 and 2 and 5.8S rDNA. Bootstrap support values from 1000 replications indicated on
branches. GenBank accession numbers in parentheses (when available), and isolate numbers are given for each sequence. Single
asterisk indicates sequences obtained from DNA extractions of whole beetles or dissected beetle parts (i.e., mycangia); double
asterisks are from galleries; sequences without asterisks are from pure cultures. Type status of sequences designated by bold
acronyms: HT = holotype; ET = ex-type.
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Figure 4. Cultures, ambrosia growth in galleries, conidiophores, and conidia of Meredithiella spp. A–E. Meredithiella norrisii. A. Growth
at 13 d on MYEA. B. Conidiophore bearing side branches and terminal aleurioconidia. C. Detached aleurioconidium with conidiophore cell attached. D. Detached aleurioconidium. E. Conidiophore from C. columbianus gallery bearing side branch and terminal
aleurioconidia. F–L. M. fracta. F. Growth at 13 d on MYEA. G. Branching monillioid chains of arthroconidia. H. Short side branches. I.
Chain of arthrospores with golden inclusions. J, K. Disarticulated arthrospores. L. Immature spherical ascomata. M–U. M. guianensis.
M. Gallery of Corthylus crassus showing adults in the parent gallery and larvae with ambrosia growth in larval cradles. N. Ambrosia
growth in larval cradle. O. Conidiophore bearing side branch and terminal aleurioconidia. P. Disarticulated arthrospores. Q, R.
Detached aleurioconidia with conidiophore cell attached; collar marked with arrows. S. Detached aleurioconidium. T. Terminal
aleurioconidium on conidiophore; collar marked with arrows. U. Detached aleurioconidium with conidiophore cell attached. A–D
from ex-type culture from Corthylus punctatissimus (C3152, CBS 139737). E from Corthylus columbianus gallery specimen 2032-LRB
(KANU 376400). F–L from ex-type culture (C4171, CBS 142645) from Corthylus papulans. M–S from holotype (BPI 910532) from
Corthylus crassus gallery. T, U from gallery V8805 of an unidentified Corthylus sp. All photos except A, F, M, N by Nomarski
interference microscopy of stained material (cotton blue). A, F imaged with Epson 10000XL scanner with blue background. M, N by
digital photography. All scale bars = 10 µm.
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Figure 5. Multigene (18S rDNA, 28S rDNA, and TEF1-α) Bayesian tree of Ceratocystidaceae representatives including three species of
Meredithiella (in gray box). Support values for branches labeled with lowercase letters are given in the key and in the following order:
MrBayes posterior probability/RAxML bootstrap support/maximum parsimony bootstrap support. Branches labeled with asterisks
have support values of 1.0, 100, and 100, respectively; thick branches have support values of 1.0, >90, and >90, respectively. Isolate
numbers and sequence accessions are given after species names. Bar = 0.04 estimated substitutions per site. Type status of
sequences designated by bold acronyms: HT = holotype; ET = ex-type; IT = isotype; PT = paratype; NT = neotype.

French Guiana specimens.—Six nearly identical ITS
sequences were obtained from DNA extracted from
mycangia or gallery growth of C. crassus and two
unidentified Corthylus spp. in French Guiana. These
included sequences from C. crassus mycangia (M547)
and gallery (V9004), Corthylus sp. A mycangia (M539;
ITS1 only) and galleries (V8805 and V9026), and a
Corthylus sp. B gallery (V9068). The sequence from
gallery V9026 differed by two single-base substitutions
from the other five ITS sequences. Ambrosia growth
from two areas of each of the four galleries were
separately extracted, amplified, and sequenced, and in
each case the same ITS sequence was obtained from the
two samples. The ITS sequences from the French Guiana
specimens were most similar to the sequence from an
adult C. consimilis collected in Mexico (FIG. 3).
Gallery specimens V9026 (Corthylus sp. A) and
V9068 (Corthylus sp. B) contained tunnel sections
with only sparse hyphal growth, but gallery specimens
V8805 (Corthylus sp. A) and V9004 (C. crassus)

included larval cradles with thick, white, luxurious
ambrosia growth of tightly packed, monilioid conidiophores (FIG. 4M–O). Entrances of the larval cradles
were plugged with mycelium (FIG. 4M, N). A black
rind of pigmented hyphae lay beneath the thick white
ambrosia growth in the cradles and the superficial,
white growth of the parent galleries (FIG. 4M, N).
Aleurioconidia formed on small side branches of the
conidiophores (FIG. 4O–U) and were subtended by
inconspicuous collarettes as seen in Ambrosiella
(Harrington et al. 2014; Mayers et al. 2015).
Aleurioconidia usually detached with a single conidiogenous cell or rarely detached singly (FIG. 4Q–S). The
monilioid conidiophores also disarticulated into individual cells or chains of cells (FIG. 4P).

Corthylus flagellifer and C. calamarius specimens.—
Females identified as C. flagellifer were excavated from a
dying avocado tree in Mexico. Females lack mycangia, but
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the dissected foregut, especially the crop, anterior to the
proventriculus (Rubio et al. 2008), of one female appeared
to have fungal cells. An ITS sequence recovered from the
extracted DNA of the foregut material was unique and
similar to that of other Meredithiella spp. (FIG. 3). The
DNA extract from the foregut also yielded a 28S sequence
(KY748664) similar to Cyberlindnera fabianii (Wick)
Minter (904/913 bp matching KY107356) using BLASTn
(National Center for Biotechnology Information
[NCBI]). The DNA extracted from the C. calamarius
mycangia yielded a unique ITS sequence that was most
similar to the sequence from the DNA extracted from C.
flagellifer (FIG. 3).
Phylogenetic analyses.—There was limited variation
among the ITS sequences of the symbionts associated
with the Corthylus spp. Analyses yielded 12 most
parsimonious trees, with some support for separating
the Meredithiella spp. from other related genera in the
Ceratocystidiaceae (FIG. 3), but most of the branches
within the genus were unsupported. The ITS sequences
associated with C. columbianus and C. punctatissimus
were identical, which appears to represent M. norrissi.
A second group comprised the fungi associated with
C. papulans, C. flagellifer, and C. calamarius. A third
unsupported group contained the fungi associated with
C. consimilis and the three Corthylus spp. from French
Guiana.
A Bayesian consensus tree of the combined 18S, 28S,
and TEF1-α data set placed the Corthylus symbionts
within the Ceratocystidaceae in a monophyletic group
with strong support (FIG. 5). The other genera of
ambrosial
beetle
symbionts
(Ambrosiella,
Phialophoropsis) each had strong support, but there
was only weak support for the relationships of the
three genera of ambrosia beetle symbionts with
Huntiella, Ceratocystis adiposa, Ceratocystis norvegica,
and Ceratocystis fagacearum.

TAXONOMY
Phylogenetic analyses and differences in morphology
between described taxa and those observed here supported the description of two new species of
Meredithiella from Corthylus spp.
Meredithiella fracta C. Mayers, C. Bateman & T.C.
Harr., sp. nov.
FIGS. 1C, 4E–J
MycoBank MB823267
Typification: USA. FLORIDA: Alachua County,
Gainesville (29.732161, −82.219386), dried culture isolated from mycangium of Corthylus papulans, 23 Feb
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2016, C. Bateman C4171 (holotype BPI 910531). Exholotype culture CBS 142645.
Etymology: “fracta” (Latin), nominative, feminine of
fractus, “broken/fragmented.”
Colonies on MYEA 35–55 mm diam after 5 d at 25
C; margin hyaline, submerged, later superficial, becoming white to pale mouse gray, aerial mycelium clumped,
becoming olivaceous, with hyaline, to cinnamon, to
rust-colored exudate that may eventually soak the aerial
mycelium and form craters in white clumps of mycelium and stain the medium rust; reverse buff with
isabelline tendrils, becoming olivacious black; odor
sweet, fading by 3 wk. Sporodochia rare, clustered
near center of plate, white to pale mouse gray, irregular.
Conidiophores on sporodochia or in loose aerial tufts,
15–75 μm tall, hyaline to light brown, branching, monilioid, produced by acropetal budding, disarticulating
into thallic-arthric conidia. Conidia oblate-spheroidal
to globose to broadly ellipsoidal, thin- or thick-walled,
5.5–10 × 6–7.5 μm, sometimes with golden inclusions,
breaking off singly, in short chains, or rarely in
branched aggregates, truncate on one or both ends.
Immature ascocarps spherical, dark brown, 15–45 μm
diam, walls composed of textura angularis, lacking
ostiole or neck. Ascospores not observed. Growth in
mycangium composed of thick-walled, arthrospore-like
cells singly or in short chains, sometimes branched,
produced by thallic-arthric growth, irregular, 4.5–11.5
× 3–9 μm.
Other cultures examined: USA. FLORIDA: Alachua
County, Gainesville (29.732161, −82.219386), isolated
from mycangium of C. papulans, 23 May 2016, C.
Bateman C4205.
Notes: The new species was associated with the
mycangia of male C. papulans from both Florida and
Honduras (FIG. 3). Unlike other known Meredithiella
spp., no terminal aleurioconidia were seen in culture.
Instead, M. fracta produces simple, branched, monilioid conidiophores that disarticulate. It grows much
faster than M. norrisii on MYEA at 25 C, and cultures
of M. fracta at 5 d have less white-chalky surface
growth, less pigment in the center of the colony, and
a stronger, fruity odor.
Meredithiella guianensis C. Mayers, C. Bateman & T.C.
Harr., sp. nov.
FIGS. 1G, H, 4K–R
MycoBank MB823268
Typification: FRENCH GUIANA. CAYENNE: Near
Kaw Mountain (4.55892, −52.19662), gallery of
Corthylus crassus in unknown host, 5 Jun 2015, C.
Bateman V9004 (holotype BPI 910532).
Etymology: guianensis, after the country of origin,
French Guiana.

74

MAYERS ET AL.: NEW MEREDITHIELLA SPP.

Gallery growth thick, white, with black layer below.
Aleurioconidiophores hyaline, monilioid, breaking
apart easily to form arthrospores or forming long central strands with many side branches, one- or multiplecelled, 20–50 μm long, each bearing a single, terminal
aleurioconidium with an inconspicuous collarette.
Aleurioconidia terminal, oblate-spheroidal to globose
to broadly ellipsoidal, 11–22 × 10.5–20 µm, generally
taller than wide, usually spherical, often ovoid, rarely
pyriform when constrained by collar, thick-walled,
aseptate, smooth, hyaline, breaking off with conidiogenous cell attached, sometimes with multiple conidiophore cells attached, or rarely singly. Arthrospores
formed from disarticulating conidiophores, 7.5–11 ×
6–8 µm, globose to fusoid, truncate on one or both
ends. Growth in mycangium composed of irregular
cells, 5–16 × 3.5–11 µm, propagating by schizogenous
division, single or in septate chains of a few cells, rarely
branching.
Additional specimen examined: FRENCH GUIANA.
CAYENNE: Near Kaw Mountain (4.55892, −52.19662),
gallery of an unidentified Corthylus sp. in unknown
host, 5 Jun 2015, C. Bateman V8805.
Notes: Meredithiella guianensis is very similar in
morphology to M. norrisii, but the aleurioconidia are
much larger in M. guianensis. The holotype specimen
of M. guianensis was from a gallery of C. crassus, but
similar ITS sequences were also obtained from DNA
extracts of ambrosia growth in galleries of two
unknown Corthylus spp., also found in French
Guiana. The gallery material and beetles were preserved
in ethanol in the field, and no attempt was made to
isolate M. guianensis in pure culture.

DISCUSSION
This study confirms that Meredithiella spp. are primary
symbionts of Corthylus. Nine different Corthylus spp.
from five countries were associated with named or
unnamed Meredithiella spp. Like Ambrosiella, which
are associated with Xylosandrus spp. and close relatives
in the Xyleborini that have large, mesonotal mycangia
(Harrington et al. 2014; Mayers et al. 2015, 2017),
species of Meredithiella appear to be exclusively associated with Corthylus spp., which have unique large,
tubular mycangia. Each of the studied Corthylus spp.
carries Meredithiella, just as each of the studied
Xyleborini with large, mesonotal mycangia carries
Ambrosiella (Mayers et al. 2015, 2017). A similarly
exclusive association appears to occur between the
unique, large, prothoraxic mycangia of Trypodendron
and Phialophoropsis (Mayers et al. 2015). These exclusive associations suggest coadaptation, in which each

evolutionary event leading to a large, well-developed
mycangium corresponds with a domestication of a distinct fungal lineage, each adapted to produce luxuriant
ambrosia growth in galleries and arthrosporic type
growth in mycangia (Harrington et al. 2014; Mayers
et al. 2015). However, species-level coevolution within
genera is less clear. There is a suggestion in Corthylus
that there is horizontal transfer of fungal symbionts
among sympatric beetle species.
Tubular mycangia opening into the procoxae were
first described in Corthylus schaufussi and C. punctatissimus by Schedl (1962) and Finnegan (1963), respectively. Similar tubular mycangia were later reported in
C. columbianus (Giese 1967) and C. fuscus (Orañegui
and Atkinson 1984). Our microscopic examinations
revealed that the mycangia of Corthylus spp. have reticulated walls and are rigid, and they fracture rather
than flex when manipulated. Each examined mycangium held tightly packed, homogeneous masses of fungal spores. The tubes appeared to wind back and forth
in C. punctatissimus, C. consimilis, and C. crassus, as do
the mycangia of C. columbianus (Giese 1967; Nord
1972). In contrast, the mycangia of C. papulans form
a spiral. The mycangia of C. schaufussi may be intermediate between these two morphologies, with a
broadly folded lateral portion that terminates in an
intricate spiral (Schedl 1962). There are too few
observations to test the hypothesis that Corthylus
spp. with similar mycangia carry closely related
Meredithiella spp.
Blandford (1895) placed Corthylus spp. into two
groups (“division I” and “division II”) based primarily
on morphology. Division I included C. papulans, C.
flagellifer, and other species whose females have long
cirri on their antenna. Of the species we studied, C.
calamarius, C. crassus, and both unknown Corthylus
spp. from French Guiana would have been placed in
division I based on antenna cirri. Blandford’s division
II included C. punctatissimus, C. fuscus, and other species whose females have small or nonexistent antenna
cirri; C. columbianus, C. consimilis, and C. schaufussi
would probably be considered members of division II.
The two mycangia shapes do not appear to divide into
Blandford’s (1895) divisions, as his division I includes
the spiral-shaped mycangia of C. papulans and the
winding mycangia of C. flagellifer, C. calamarius, and
C. crassus.
It is not known if a molecular phylogeny of
Corthylus would match Blandford’s divisions, and it is
not clear if Blandford’s placement of Corthylus spp. into
the two divisions correlates to the relationships of their
fungal mutualists. The ITS analysis of Meredithiella
spp. is tenuous, but M. fracta associated with C.

MYCOLOGIA

papulans appears to be related to the symbionts of C.
flagellifer from Mexico and C. calamaris from Costa
Rica, and each of these beetle species have the long
antenna cirri of division I. The division II species C.
punctatissimmus and C. columbianus carry M. norrisii,
whereas the other studied division II species, C. consimilis, appears to have a symbiont more closely related
to M. guianensis, which was associated with the division
I species from French Guiana.
The ITS relationships among the described and
putative Meredithiella spp. suggest that there may be
three geographic groups within Meredithiella: eastern
USA, Central America, and South America.
Meredithiella norrisii is the associate of the USA natives
C. punctatissimus and C. columbianus. Corthylus papulans is an invasive in Florida but native to Central
America (Wood 1977), and the ITS sequences of the
M. fracta from Florida and Honduras were similar to
that of the unidentified mycangial symbiont of C. calamarius, only reported in Costa Rica (Wood 1974), and
to the Meredithiella detected in the foregut of female C.
flagellifer (Guatemala to central Mexico) (Wood 1982).
Meredithiella guianensis may represent a South
American clade; C. crassus has only been reported
from French Guiana (Wood 2007), and the other two
Corthylus spp. sampled there are unidentified or undescribed. The implied relatedness of the symbiont of the
Mexican C. consimilis to M. guianensis may contradict
the hypothesis that there are geographic groupings
within Meredithiella. However, the ITS tree was not
robust, and more thorough sampling and multigene
analyses are needed.
Phylogenetic relationships among the genera of
Ceratocystidaceae are not well resolved, but the grouping of the genera of ambrosia beetle symbionts
(Ambrosiella, Phialophoropsis, and Meredithiella) with
Huntiella, Ceratocystis adiposa, C. fagacearum, and C.
norvegica was also evident in earlier analyses (de Beer
et al. 2014; Harrington et al. 2014; Mayers et al. 2015).
Huntiella, C. adiposa, C. fagacearum, and C. norvegica
are nonambrosial and unrelated to each other, and it
appears unlikely that they represent four reversions
from ambrosia mutualists to free-living fungi. The
ambrosial species appear to be obligate symbionts and
highly derived, but phylogenetic analyses fail to support
a monophyletic grouping of the ambrosial genera.
Mayers et al. (2015) suggested that Meredithiella represents an independent adaptation to ambrosia beetle
symbiosis, distinct from the convergent adaptations of
Ambrosiella (to Xyleborini with large, mesonotal
mycangia) and Phialophoropsis (to Xyloterini with
large, prothoraxic pleural mycangia). However, the
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aleurioconidia of M. norrisii and M. guianensis are
similar to the aleurioconidia found in some species of
Ambrosiella, and C. adiposa also forms aleurioconidia
(Mayers et al. 2017). Meredithiella and Ambrosiella may
produce chains of monilioid cells that break apart,
which is thought to be an adaptation that facilitates
beetle grazing (Harrington et al. 2014; Mayers et al.
2015). The recently described ambrosia fungus
Afroraffaelea ambrosiae (in the Ophiostomatales) has
similar disarticulating, monilioid conidiophores
(Bateman et al. 2017).
There have been conflicting reports on the primary
mutualists of Corthylus spp. Hubbard (1897) illustrated
monilioid strings in galleries of C. punctatissimus that
disarticulated into short chains of “dumb-bell shaped”
cells, consistent with the disarticulating conidiophore
cells of M. norrisii (Mayers et al. 2015). Batra (1967)
and Nord (1972) identified the primary symbiont of C.
columbianus to be A. xylebori, but the ITS1 sequence
generated from the DNA extraction of Batra’s culture
(from Nord’s material) in KANU proved to be M.
norrisii. Wilson (1959) and Kabir and Giese (1966)
reported a yeast (Pichia sp.) with hat-shaped ascospores
in galleries of Corthylus columbianus and suggested that
it was the primary food source for the larvae. Giese
(1967) illustrated hat-shaped ascospores, presumably of
the same Pichia sp., inside the mycangium of C. columbianus. More recent studies of associates of C. zulmae
in Colombia (Gil et al. 2004; Jaramillo et al. 2011) also
found a Pichia sp. among gallery associates. However,
we did not see hat-shaped ascospores or other indications of yeasts in mycangia of C. punctatissimus, C.
consimilis, C. papulans, or C. crassus, and we did not
isolate yeasts from the dissected mycangia of C.
papulans.
Mycangial association was one of Batra’s (1985)
qualifications for a primary ambrosia fungus, and we
consistently found homogeneous spore masses of
Meredithiella spp. within mycangia of male Corthylus
beetles. Meredithiella species also dominated the
ambrosia growth of fresh, active galleries and larval
cradles. Meredithiella spp. may have been overlooked
in other studies because propagules of Meredithiella
from galleries and mycangia are very difficult to germinate, grow slowly, and can be easily missed or overrun
by other fungi. Fusarium spp. were consistently
reported as contaminants of C. columbianus galleries
(Wilson 1959; Kabir and Giese 1966; Giese 1967; Gil
et al. 2004), and Wilson (1959) reported that a sparsely
distributed but fast-growing Fusarium sp. overran other
fungi in isolation attempts. The mycoflora of ambrosia
beetle galleries changes over the life stages of the beetle
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(Kajimura and Hijii 1992; Kinuura 1995), but the
Corthylus galleries that we studied had healthy ambrosia growth of Meredithiella.
Yeasts such as Pichia have been frequently associated
with ambrosia beetles, especially in the gut (Suh et al.
2005; Harrington and Fraedrich 2010). Common yeast
genera associated with ambrosia beetles include
Ambrosiozyma (Walt 1972; Endoh et al. 2008;
Kurtzman and Robnett 2013), Wickerhamomyces
(Ninomiya et al. 2013; James et al. 2014),
Cyberlindnera (Ninomiya et al. 2013), and various
unclassified Pichia and Candida spp. (Haanstad and
Norris 1985; Gil et al. 2004; Harrington and Fraedrich
2010; Suh and Zhou 2010). Yeasts have only occasionally been associated with ambrosia beetle mycangia
(Batra and Francke-Grosmann 1964; Giese 1967;
Kurtzman 2000; Six et al. 2009). Yeasts may not form
thick layers of ambrosia growth for beetle grazing
(Harrington 2005), but they are certainly fed upon by
ambrosia beetles, as evidenced by the 28S sequence
obtained from the foregut of Corthylus flagellifer
(KY748664), which is similar to that of Cyberlindnera
fabianii (KY107356). This does not necessarily imply a
mutualistic association with the beetle.
Corthylus is rich in unstudied species, and their
mycangial symbionts need further investigation. Of
the other genera in the American subtribe
Corthylina, Microcorthylus castaneus has mycangia
similar to C. schaufussi, but the mycangia are smaller and less spiraled (Schedl 1962). A Microcorthylus
sp. in Costa Rica was found to have a Geosmithia
sp. forming ambrosial growth in its galleries
(Kolařík and Kirkendall 2010), but mycangial symbionts of Microcorthylus have not been identified.
Gnathotrichus and Monarthrum have small, coxal
mycangia (Farris 1963; Lowe et al. 1967; Schneider
and Rudinsky 1969) and Raffaelea mycangial symbionts (Harrington et al. 2010). Intriguing patterns
of evolution of mycangial types and fungal symbionts are just now emerging, and fungal symbioses
within the Corthylina warrant further study.
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