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Abstract
Classicula sinensis, isolated from decaying leaves from Mozigou, Chongqing Municipality, China, is de-
scribed as a new species. The new species is a member of basidiomycetous aquatic hyphomycetes which 
represent a small proportion of all aquatic hyphomycetes. This species falls within the genus Classicula 
(Classiculaceae, Pucciniomycotina) and is closely related to C. fluitans, based on multiple gene sequence 
analyses. Morphologically, it is characterised by the apical, hyaline, obclavate or navicular conidia with sev-
eral hair-like lateral appendages and by its holoblastic and monoblastic conidiogenesis, with a flat un-thick-
ened conidiogenous locus. Clamp connections and haustorial branches were often observed in culture.
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Introduction

Aquatic hyphomycetes constitute a dominant mycoflora on submerged decaying plant 
debris, both in lotic and lentic systems (Khan 1987). Phylogenetically, most aquat-
ic hyphomycetes belong to Ascomycota, with only a small percentage belonging to 
Basidiomycota (Shearer 2007). Most known basidiomycetous aquatic hyphomycetes 
have been reported from North America (Marvanová 1977, Marvanová and Barlocher 
1988, 1998, 2000, Marvanová and Suberkropp 1990, Raj and Kendrick 1981), Aus-
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tralia (Shaw 1972), Asia (Hudson and Ingold 1960, Nawawi 1985, Marvanová and 
Bandoni 1987, Kirschner 2013) and Europe (Scheuer et al. 2008).

There are more than 8000 known species in the Pucciniomycotina (previously 
Urediniomycetes) and these comprise about one-third of all described basidiomycetes 
(Aime et al. 2006). Classification of the Pucciniomycotina has been reviewed and re-
vised multiple times. Based on sequences at large and small subunits of the nuclear 
rDNA, Aime et al. (2006) grouped them into 8 classes. More recently, two new classes, 
Tritirachiomycetes (Schell et al. 2011) and Spiculogloeomycetes (Wang et al. 2015), 
were added to Pucciniomycotina. Amongst these 10 classes in Pucciniomycotina, one 
class, the Classiculomycetes, contains a single order, the Classiculales, with only two 
monotypic fungi, Jaculispora H. J. Huds. & Ingold and Classicula R. Bauer, Begerow, 
Oberw. & Marvanová. As early as 1960, Jaculispora was erected to accommodate a 
single anamorphic fungal species, J. submerse H. J. Huds. & Ingold. The genus is char-
acterised by having narrow and delicate conidiophores and obclavate conidia with 0–3 
hair-like lateral appendages (Hudson and Ingold 1960). Later, Naiadella Marvanova & 
Bandoni was established with N. fluitans Marvanova & Bandoni (synomy of C. flui-
tans) as the type species (Marvanová and Bandoni 1987). Bauer et al. (2003) observed 
the basidial stage of N. fluitans and connected it to the teleomorphic state Classicula. 
Classicula was recommended over Naiadella because Classicula is the base of the higher 
level taxonomy (Aime et al. 2018). The conidia of Classicula are similar to those of Jac-
ulispora in shape. Classicula is characterised by the production of clamped hyphae with 
tremelloid haustorial cells and binucleate fusoid conidia with 3–4 bristle-like lateral 
branches (Marvanová and Bandoni 1987). Bauer et al. (2003) defined the phylogenetic 
positions of genera Jaculispora and Classicula based on the small subunit of ribosomal 
DNA (18S rDNA). Subsequent analyses of both the 18S and the large subunit ribo-
somal DNA (28S rDNA) data also supported the conclusion that the two genera are 
closely related and both belong to class of Classiculomycetes (Schell et al. 2011).

During a study of aquatic hyphomycetes on submerged decaying leaves collected 
from a stream in south-western China, we encountered two fungi which resembled 
species in the genus Classicula. Combining the morphological and phylogenetic analy-
ses, we identified that the fungi belonged to Classicula. In this paper, we describe these 
specimens as a new species and discuss its phylogenetic placement based on the com-
bined sequences of the 18S and 28S rDNA, the internal transcribed spacer regions of 
rDNA (ITS 1 and 2, including the 5.8S rDNA gene) and the translation elongation 
factor 1-a (TEF1).

Materials and methods

Collection of samples, isolation and characterisation

Samples of submerged dicotyledonous plant leaves collected from a stream in Chong-
qing Municipality were transported to the laboratory in zip-locked plastic bags. The 
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rotten leaves were cut to several 0.5–1.5 × 1–1.5 cm sized fragments in the laboratory 
and spread on to the CMA medium (20 g cornmeal, 18 g agar, 40 mg streptomycin, 30 
mg ampicillin, 1000 ml distilled water). After incubation at 27 °C for about 10 days, 
a single conidium was isolated and cultivated on CMA in Petri plates using a sterilised 
toothpick under a BX51 microscope. Morphological observations were made from 
cultures on CMA after incubation at 27 °C for one week. Pure cultures and a perma-
nent slide were deposited in the Herbarium of the Laboratory for Conservation and 
Utilization of Bio-resources, Yunnan University, Kunming, Yunnan, P.R. China (YMF; 
formerly Key Laboratory of Industrial Microbiology and Fermentation Technology of 
Yunnan). Ex-holotype living cultures were deposited in the China General Microbio-
logical Culture Collection Center (CGMCC).

DNA extraction, PCR and sequencing

The cultures were grown on potato dextrose agar (PDA) and incubated at 27 °C for 
about 10 days. Fungal mycelia were harvested and transferred to a 2.0 ml Eppendorf 
tube. Total DNA was extracted using a CTAB method as described by Pratibha et 
al. (2014).

Three regions of the nuclear ribosomal DNA gene cluster and one nuclear protein-
coding genes, translation elongation factor 1a (TEF1) were amplified: Primer pairs 
ITS4 and ITS5 (White et al. 1990) were used to amplify the complete ITS regions 
(including 5.8 S); NS1 and NS8 for the 18S rDNA; and LR5 and LROR for the 
28S rDNA (Vilgalys and Hester 1990). Primer pairs EF1-983F and EF1-2218R were 
used for amplifying the TEF1 gene (Rehner and Buckley 2005). PCR amplifications 
were performed using the methods described previously (Wang et al. 2014). The PCR 
products were then sent to the Beijing Tsingke Biotechnology Co. of China, Ltd and 
sequenced on both strands with the same primers that were used for amplification.

Sequence alignment and phylogenetic analysis

Preliminary BLAST searches with 18S and 28S rDNA gene sequences of the new 
isolates indicated that they had a close phylogenetic relationship with sequences from 
the genera Jaculiapora and Naiadella (Classicula). Based on the phylogenetic positions 
of the two genera, we downloaded 18S, 28S, ITS and TEF1 sequences of representa-
tive species of 8 class within Pucciniomycotina, but Cryptomycocolacomycetes and 
Spiculogloeomycetes were not included as Cryptomycocolacomycetes only includes 
two known species, Cryptomycocolax abnormis and Colacosiphon filiformis and only 
18S rDNA of two species are available. Spiculogloeomycetes only comprises yeast and 
yeast-like species, which has an affinity to Mixiomycetes within Pucciniomycotina. 
Based on our main aim of identifying new hyphomycetes species within Classiculomy-
cetes, another 8 classes were chosen to carry out phylogenetic analysis. Four sequences 
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Table 1. The species used in the phylogenetic analyses. Also included in the Table are the representative 
isolate name of each species and the GenBank accession numbers for each of the four analysed gene frag-
ments of each isolate.

Class Species Isolate No.
 GenBank accession No.

Reference
ITS 28S 18S TEF

Ag
ar

ico
sti

lb
om

yc
et

es

Bensingtonia 
changbaiensis AS 2.2310 AY233339 AY233339 AY233339 KJ707751 Wang et al. 2003; 

2015
Agaricostilbum 
hyphaenes CBS 7811 AF444553 AF177406 AY665775 KJ707749 Scorzetti et al. 2002;  

Wang et al. 2015
Chionosphaera 
apobasidialis CBS 7430 AF444599 AF177407 U77662 KJ707883 Scorzetti et al. 2002;  

Wang et al. 2015
Bensingtonia 
ciliata AS 2.1945 AF444563 AF189887 D38234 KF706486 Scorzetti et al. 2002;  

Wang et al. 2015
Kurtzmanomyces 
insolitus JCM 10409 AF444594 AF177408 KJ708424 KJ707893 Scorzetti et al. 2002;  

Wang et al. 2015
Sporobolomyces 
sasicola AS 2.1933 AF444548 AF177412 AB021688 KJ707900 Scorzetti et al. 2002;  

Wang et al. 2015
Mycogloea 
nipponica CBS 11308 KJ778629 KJ708456 KJ708370 KJ707882 Wang et al. 2015

Sterigmatomyces 
elviae JCM 1602 AB038053 KP216512 KP216516 KJ707852 Wang et al. 2015

Kondoa aeria CBS 8352 AF444562 AF189901 KJ708417 KJ707905 Scorzetti et al. 2002

C
ys

to
ba

sid
io

m
yc

et
es

Bannoa sp. MP 3490 DQ631900 DQ631898 DQ631899 DQ631902 Matheny et al. 2006
Naohidea 
sebacea CBS 8477 DQ911616 DQ831020 KP216515 KF706487 Wang et al. 2015

Sporobolomyces 
coprosmae JCM 8772 AF444578 AF189980 D66880 KJ707798 Scorzetti et al. 2002

Sakaguchia 
dacryoidea JCM 3795 AF444597 AF189972 D13459 KP216514 Scorzetti et al. 2002

Sporobolomyces 
bischofiae JCM 10338 AB035721 AB082572 AB035721 KJ707777 Hamamoto et al. 

2002
Rhodotorula 
armeniaca JCM 8977 AF444523 AF189920 AB126644 KJ707762 Scorzetti et al. 2002;  

Wang et al. 2015
Occultifur 
externus JCM 10725 AF444567 AF189910 AB055193 KJ707829 Scorzetti et al. 2002;  

Wang et al. 2015
Cyrenella elegans CBS 274.82 KJ778626 KJ708454 KJ708360 KJ707830 Wang et al. 2015
Erythrobasidium 
hasegawianum AS 2.1923 AF444522 AF189899 D12803 KJ707776 Scorzetti et al. 2002;  

Wang et al. 2015

Pu
cc

in
io

m
yc

et
es

Chrysomyxa 
arctostaphyli CFB22246 DQ200930 AY700192 AY657009 DQ435789 Matheny et al. 2007

Endocronartium 
harknessii CFB22250 DQ206982 AY700193 AY665785 DQ234567 Matthias et al. 2004

Helicobasidium 
mompa CBS 278.51 AY292429 AY254179 U77064 EF100614 Matthias et al. 2004

Platygloea 
disciformis IFO32431 DQ234556 AY629314 DQ234563 DQ056288 Matheny et al. 2007

Puccinia 
graminis tritici

CRL75-36-700-3/
ECS AF468044 AF522177 AY125409 XM_003333024 Weber et al. 2003

Insolibasidium 
deformans TDB183-1 – AF522169 AY123292 – Wang et al. 2015

Septobasidium 
canescens DUKE:DAH(323) DQ241446 DQ241479 DQ241410 – Henket al. 2007

Tr
iti

ra
ch

io
m

yc
et

es Tritirachium 
oryzae CBS 164.67 GQ329853 KF258732 JF779647 JF779645 Schell et al. 2011

Tritirachium sp. CBS 473.93 JF779664 JF779649 JF779650 JF779651 Schell et al. 2011

Tritirachium sp. CBS 265.96 JF779668 JF779652 JF779653 - Schell et al. 2011
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Class Species Isolate No.
 GenBank accession No.

Reference
ITS 28S 18S TEF

M
ix

io
m

yc
et

es

Mixia osmundae CBS 9802 DQ831010 DQ831009 D14163 KJ707837 Matheny et al. 2006

M
icr

ob
ot

ry
om

yc
et

es

Leucosporidium 
scottii JCM 9052 AF444495 AF070419 X53499 KJ707788 Scorzetti et al. 2002;  

Wang et al. 2015
Sphacelotheca 
hydropiperis CBS 179.24 KJ708463 KJ708463 KJ708394 KJ707807 Wang et al. 2015

Microbotryum 
biolaceum CBS 143.21 KJ708462 KJ708462 KJ708388 KJ707811 Wang et al. 2015

Sporobolomyces 
bannaensis AS 2.2285 AY274824 AY274823 KJ708405 KJ707934 Zhao et al. 2003

Rhodosporidium 
babjevae JCM 9279 AF444542 AF070420 AB073270 KJ707874 Scorzetti et al. 2002;  

Wang et al. 2015
Rhodotorula 
rosulata CBS 10977 EU872492 EU872490 KJ708384 KJ707854 Wang et al. 2015

At
ra

ct
iel

lo
m

yc
et

es Helicogloea 
lagerheimii FO 36341 – AY512849 AY124476 – Bauer et al. 2003

Helicogloea 
variabilis KW 1540 – L20282 U78043 – Berres et al. 1995

Platygloea vestita DB 1280 – AY512872 AY124480 – Bauer et al. 2003

C
las

sic
ul

om
yc

et
es

Classicula 
fluitans ATCC 64713 – AY512838 AY124478 – Schell et al. 2011

Classicula 
sinense

YMF 1.04613 KY548838 KY548836 KY468515 MG787169 This study

Classicula 
sinense

YMF 1.04389 KY548837 KY548835 KY468514 MG787170 This study

Jaculispora 
submersa CCM 8127 – AY512853 AY124477 – Schell et al. 2014

Ag
ar

ico
m

yc
ot

in
a

Auricularia sp. AFTOL-ID 676 DQ200918 AY634277 DQ234542 DQ408144 Schell et al. 2014

Coprinus 
comatus AFTOL-ID 626 AY854066 AY635772 AY665772 AY881026 Schell et al. 2014

of each representative strain of 8 classes were combined with those from our own cul-
tures. (see Table 1 for all GenBank accession numbers).

Raw sequences were aligned using CLUSTAL W 1.6 (Thompson et al. 1994); 
then manually adjusted to minimise the number of uninformative gaps and to improve 
alignments using MEGA 6.06 (Kumar et al. 2012). Ambiguously aligned regions were 
excluded from downstream analyses. Missing data at the 5'- and 3'-end of partial se-
quences were coded by a ‘?’. To select the most appropriate model of sequence evolution, 
JMODEL TEST 2.1.1 was run for each gene (ITS, TEF1, 18S, 28S) and the GTR þ 
I þ G model was chosen according to the Akaike information criterion (AIC). Before 
phylogenetic analysis, the ITS, TEF1, 18S and 28S matrices were concatenated with 
BIOEDIT 7.5.0.3. The tree construction procedure was performed in MrBAYES 3.2 
(Ronquist et al. 2012). Maximum likelihood was performed with MEGA 6.06. Auricu-
laria sp. and Coprinus comatus of Agaricomycotina were used as outgroups. Phylogenetic 
trees were imported into FIGURETREE 1.4.2 and exported as SVG vector graphics 
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for Figure assembly in ADOBE ILLUSTRATOR CS6. The phylogenetic analyses of 
different datasets were performed using Bayesian and maximum likelihood algorithms.

Results

Phylogenetic analysis

In our Bayesian and maximum likelihood analyses (Figure 1), our isolates represent-
ing the new species named C. sinensis was a sister group to C. fluitans and consistently 
had J. submerse as the next closest relative with a strong statistical support. The close 
relationship between C. sinensis and C. fluitans was supported with a posterior prob-
ability of 1.00 in the Bayesian analysis and with a bootstrap value of 0.93 in the maxi-
mum likelihood analysis. Phylogenetic relationships amongst the taxa inferred from 
the combined four gene sequences are in general agreement with those based on SSU 
rDNA and LSU rDNA D1/D2 domains by Wang et al. (2015). Although there are 
some minor variations in the relationships amongst the classes between the two stud-
ies, taxa within each class still formed a single clade.

BLAST searches using the complete ITS regions of our C. sinensis strains (YMF 
1.04613 and YMF 1.04389) aligned them only to the 5.8S rDNA of a variety of uncul-
tured fungus. There are a few ITS1 matches at about 87% sequence identity to specimens 
in Pucciniomycotina. Since the study of Classiculomycetes by Bauer et al. (2003) did 
not employ ITS sequences, we were unable to use ITS sequences for species confirma-
tion with those in Classicula. Sequences of accession numbers AY512838 and AY512853 
were those of 18S rDNA of C. fluitans R. Bauer, Begerow, Oberw. & Marvanová and J. 
submerse, respectively, but were mistaken for ITS by Wang et al. (2015).

Taxonomy

Classicula sinensis Y. Huang & Z.F. Yu, sp. nov.
MycoBank MB819813
Figure 2

Etymology. Sinensis refers to the country in which this species was found.
Diagnosis. Classicula sinensis differs from C. fluitans by having fusiform conid-

iogenous cells growing from the hyphae directly.
Type. CHINA. From leaves of an unidentified dicotyledonous plant submerged 

in a stream, Chongqing Municipality, Mozigou, 29°25'38"N, 107°24'19"E, ca. 750 m 
elev. Oct 2014, ZeFen Yu, YMF 1.04613–holotype[live culture], YMFT1.04613 [dried 
specimen], CGMCC–3.18938–ex-type culture. Other strain: YMF 1.04389, CGM-
CC–3.18937, Chongqing Municipality, Mozigou, 29°28'N, 107°25'E, ca. 750 m elev.
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Description. Colonies on CMA reach about 10 mm diameter after incubating 
for 7 days at 27 °C. Colony effuse, mycelium partly superficial, partly immersed 
in substratum, composed of hyaline, branched, thin-walled, septate, smooth, binu-
cleated hyphae, 1.5–4.8 µm wide, often 1.8–2.7 µm wide. Clamp connection and 
haustorial branches on hyphae present. Haustorial branches with basal clamps, ta-
pering distally or obclavate, 9–14.2 (–16.5) µm long, 1.2–2.6 µm wide, one or two 
terminal filaments of 3–8.5 × 1.3 µm located on the top of it. Conidiophores absent. 
Conidiogenous cells fusiform, monoblastic, 7.5–11×2–2.8 µm, attaching directly on 

Figure 1. Phylogenetic tree based on Bayesian analysis of the combined ITS, TEF1, 18S and 28S rDNA 
sequences. Auricularia sp. and Coprinus comatus of Agaricomycotina are used as outgroups. Clades and 
taxa are labelled according to Schell et al. (2011). Bayesian posterior probabilities, greater than 0.95, are 
given above the nodes (out of 100). Maximum likelihood bootstrap values, greater than 75%, are given 
below the nodes (out of 100). The scale bar shows the expected changes per site.
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Figure 2. Microscopic features of Classicula sinensis (holotype YMF 1.04613). a, b Conidia c empty 
conidia d clamp connection on conidia e Haustorial branches with basal clamps on hyphae f Conidiog-
enous cells (black arrow) and clamp connection on hyphae (white arrow). Scale bar: 10 µm (a–f ).
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the hyphae, solitary or in aggregates of two. Conidia solitary, acrogenous, navicular 
or obclavate, attenuating upwards, 25–38 (–42) µm long, 3.8–6.2 µm wide, 1.3–3.4 
µm wide at the truncate base, (0–) 2–5 (–7) septa appear in those conidia without 
cytoplasm, with 1–5 (mainly 3–4) lateral appendages, attaching to the upper part of 
conidia, opposite or verticillate, filiform, smooth, divergent, pendulous or straight 
(–7) 13–21 (–25) µm long, 0.8–1.2 µm wide, 0–2(–3) septate. Occasionally, 1(–2) 
appendages also arise from apex of the main axis. Sometimes clamp connections ap-
pear at the top of conidia.

Discussion

Classicula is phylogenetically related to Jaculispora and morphologically similar to the 
latter. When Jaculispora was established, Hudson and Ingold (1960) did not mention 
clamp connections or haustorial cells. Later, Matsushima (1987) observed clamps on 
hyphae from J. submersa (isolate MFC 12864), but did not see haustorial cells. Bauer et 
al. (2003) reported that J. submersa also presented tremelloid haustorial cells similar to 
C. flutitans and both species have septal-spore architecture surrounded by microbodies. 
Further phylogenetic analysis inferred from the 18S rDNA gene revealed that the two 
species belonged to the family Classiculaceae of Urediniomycetes. In fact, both Clas-
sicula and Jaculispora are very similar in having navicular conidia with 3–4 distal setose 
branches. However, conidiogenous cells of Classicula are discrete fusiform, differenti-
ated obviously and those of Jaculispora are integrated. Conidiogenous cells of C. sinen-
sis are also integrated, but in the analysis of concatenated dataset of four sequences, C. 
sinensis and C. flutitans formed a well-supported clade separated from Jaculispora, so we 
treated our strains as a member of the genus Classicula.

C. fluitans is similar to C. sinensis in having haustorial branches and obclavate 
or navicular conidia with hair-like lateral and apex appendages. However, their 
conidiophores and conidiogenous cells were totally different. First, C. sinensis has no 
conidiophore and its conidiogenous cells grow from hyphae directly, while conidiophores 
of C. fluitans are determinate, micronematous to semi-macronematous. Second, 
typical conidiogenous cells of C. fluitans are discrete fusiform formed successively, 
clamped basally, but C. sinensis has no clamps at the base of conidiogenous cells and 
conidiogenous cells of C. sinensis are integrated, which resemble that of Jaculispora. 
Besides the main differences described above, conidia of C. fluitans are shorter and 
wider [(18–)25– 32(–45) × (4–)5–6.5(–9)] than those of C. sinensis, lateral branches 
of C. fluitans are 2–3, while 4 lateral branches often appear in C. sinensis. Furthermore, 
coralloid structures were interpreted as appressoria in C. fluitans but were not observed 
in C. sinensis (Bauer et al. 2003).

C. sinensis is similar to J. submersa in conidia form, but conidia of the latter grow on 
the tip of long micronematous conidiophores, while that of C. sinensis grow from con-
idiogenous cells directly produced on hyphae. Besides, conidia of J. submersa are longer 
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than those of C. sinensis (type strain: 35–55 × 5–7, MFC-12864:35–56 × 4–6 µm). 
Septa of conidia without cytoplasm were not mentioned in the type strain of J. submerse. 
In strain MFC-12864, there is a septum obscurely presented at the attenuated part, 
while conidia of C. sinensis have 3–4 septa after cytoplasm drained out of the conidia.

A combination of morphological and molecular characters was used to establish 
C. sinensis. Conidiogenous cells of C. sinensis and C. flutitans were sufficiently different 
to support the molecular data and to suggest the new species. This situation has not 
been observed often in other fungi of the same genus, thus more isolates belonging to 
Classiculomycetes are needed to circumscribe genus characteristics of Classicula better 
and in more detail.
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Abstract
Xanthoparmelia (Parmeliaceae, Ascomycota) is the most species-rich genus of lichen-forming fungi. Spe-
cies boundaries are based on morphological and chemical features, varying reproductive strategies and, 
more recently, molecular sequence data. The isidiate Xanthoparmelia mexicana group is common in arid 
regions of North and Central America and includes a range of morphological variation and variable sec-
ondary metabolites – salazinic or stictic acids mainly. In order to better understand the evolutionary his-
tory of this group and potential taxonomic implications, a molecular phylogeny representing 58 ingroup 
samples was reconstructed using four loci, including ITS, mtSSU, nuLSU rDNA and MCM7. Results 
indicate the existence of multiple, distinct lineages phenotypically agreeing with X. mexicana. One of 
these isidiate, salazinic acid-containing lineages is described here as a new species, X. pedregalensis sp. nov., 
including populations from xerophytic scrub vegetation in Pedregal de San Angel, Mexico City. X. mexi-
cana s. str. is less isidiate than X. pedregalensis and has salazinic and consalazinic acid, occasionally with 
norstictic acid; whereas X. pedregalensis contains salazinic and norstictic acids and an unknown substance. 
Samples from the Old World, morphologically agreeing with X. mexicana, are only distantly related to X. 
mexicana s. str. Our results indicate that X. mexicana is likely less common than previously assumed and 
ongoing taxonomic revisions are required for isidiate Xanthoparmelia species.
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Introduction

The family Parmeliaceae is the largest family of lichenised fungi (Jaklitsch et al. 2016) 
currently classified in approximately 70 genera with almost 2,800 species (Lumbsch 
and Huhndorf 2010, Divakar et al. 2017). Xanthoparmelia, with about 800 described 
species, is the largest genus of lichen-forming fungi (Lücking et al. 2016), with two 
centres of distribution in Australia and southern Africa; a smaller number of species oc-
cur in the Holarctic (Blanco et al. 2004, Eriksson et al. 2004, Crespo et al. 2010, Thell 
et al. 2012, Leavitt et al. 2018). To date, 74 species have been reported from Mexico, 
amongst these species, 27 are isidiate (Nash et al. 2016).

Isidiate Xanthoparmelia species are distributed in boreal, temperate and tropical 
regions. However, they commonly occur in semi-arid to arid regions worldwide espe-
cially on siliceous rocks, such as granite and sandstone. In North and Central America, 
Xanthoparmelia mexicana (Gyelnik) Hale ranks amongst the most common isidiate 
species. This taxon is widely distributed and has been reported from western USA, 
Mexico, Dominican Republic, Argentina, Kenya, Australia, New Zealand, Japan, 
China and Nepal (Hale 1990, Elix 1994, Nash and Elix 2004). X. mexicana is part of 
a complex of morphologically similar species, with adnate to slightly attached thalli, 
cylindrical isidia and a brown lower side of the thalli, which are primarily separated 
by their secondary metabolites. The species complex also includes X. ajoensis (T. H. 
Nash) Egan (diffractaic acid), X. dierythra (Hale) Hale (norstictic acid), X. joranadia 
(T. H. Nash) Hale (lecanoric acid), X. maricopensis T. H. Nash & Elix (norstictic and 
hyposalazinic acids), X. moctezumensis T. H. Nash (3-α-hydroxybarbatic acid), X. plittii 
(Gyelnik) Hale (stictic acid), X. schmidtii Hale (barbatic, norstictic and salazinic acids), 
X. subramigera (Gyelnik) Hale (fumarprotocetraric acid) and X. weberi (Hale) Hale 
(hypoprotocetraric acid) (Hale 1990, Nash et al. 2016). However, previous studies 
indicate that current interpretations of morphological features and secondary metabo-
lites likely fail to accurately characterise species-level diversity in isidiate Xanthoparme-
lia species (Leavitt et al. 2011, 2013).

To better understand the evolutionary history of the Xanthoparmelia mexicana 
complex and potential taxonomic implications, isidiate Xanthoparmelia specimens 
were collected from different locations throughout arid regions of Mexico and supple-
mented with previously available sequence data. The new samples came from xerophyt-
ic scrublands in the states Puebla, Oaxaca, San Luis Potosí, Querétaro, Estado de Méxi-
co, Mexico City, Guanajuato, Zacatecas and Hidalgo, all in the central part of Mexico. 
We focused on sampling Xanthoparmelia populations that were phenotypically similar 
to X. mexicana, e.g. isidiate specimens containing salazinic acid. X. mexicana was origi-
nally described by Gyelnik (1931) as Parmelia mexicana and was later combined into 
Xanthoparmelia by Hale (1974). The type specimen was collected from San Jerónimo, 
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in Pedregal de San Angel, Mexico City. The syntype in the Bouly de Lesdain herbarium 
was destroyed during World War II, whereas the lectotype in the Budapest herbarium 
(BP) was not available for molecular study. Therefore, we attempted to recollect mate-
rial at the type locality of X. mexicana and other regions throughout Mexico. Based on 
the results of this study, we formally describe a previously unrecognised species-level 
lineage comprised of isidiate specimens as new to science.

Material and methods

Taxon sampling

Specimens were studied from the herbaria ASU, BRY, F, MAF and new collections 
from different localities throughout arid regions from the central part of Mexico 
(Table 1, Fig. 1). A total of 83 specimens, representing 43 species were included, 
with an emphasis on isidiate species/populations from Central and North America 
(all epithets are validly published, with the exception of X. isidiomontana nom prov 
assigned to the clade ‘D2’ from Leavitt et al. 2013). New sequences were generated 
from 25 specimens and supplemented with 34 sequences from a previous analysis 
(Leavitt et al. 2018) and 24 additional sequences from GenBank (Table 1). Four 
species in the genus Xanthoparmelia that have previously been shown to be distantly 
related to X. mexicana were used as outgroup – X. beatricea, X. austroafricana, X. 
subramigera and X. aff. subramigera (Leavitt et al. 2018).

Figure 1. Location of new Xanthoparmelia recollection sites from arid regions from central part of Mexi-
co. Oaxaca (pink), Puebla (green), Mexico City (red), Estado de México (blue), Querétaro (purple), Gua-
najuato (brown), Hidalgo (grey), Aguas Calientes (yellow), San Luis Potosí (black), Zacatecas (orange).
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Table 1. Collection information for specimens included in the present study: Species, morphological/
chemical species identification; DNA code, individual code associated with specimen label in multiple 
sequence alignments; Species distribution; Voucher information; and GenBank accession numbers for 
sampled loci in bold text indicates new sequences generated for this study. Specimens sequenced using 
Illumina technology are indicated by a • with the associated DNA code.

Species DNA 
code Voucher ITS MCM7 mtSSU nuLSU

X. aff. chlorochroa 082f USA: Utah; Leavitt et al. 55225 
(BRY-C) MG695498 MG695699 MG695746 MG695599

X. aff. chlorochroa 9866 USA: Nevada; Leavitt & St. 
Clair 9866 (BRY-C) MG695499 MG695700 MG695747 MG695600

X. aff. coloradoensis 135f USA: Utah; Leavitt et al. 55255 
(BRY-C) MG695500 MG695701 MG695748 MG695601

X. aff. protomatrae GenBank Spain: Zamora; Blanco & 
Crespo 6216 (MAF-Lich)  AY581104 – AY582339 AY578972

X. aff. subramigera  9664 Kenya: Coast, Kirika & 
Lumbsch 4117 (F) MG695515 – MG695764 MG695616

X. ajoensis• 14908 Mexico: Puebla; Barcenas-Peña 
5898 (F) MH580218 MH686124 MH699893 MH699913

X. ajoensis• 14920 Mexico: Puebla; Barcenas-Peña 
5900 (F) MH580219 MH686125 MH699894 MH699914

X. ajoensis• 14934 Mexico: Puebla; Barcenas-Peña 
5914 (F) MH580220 MH580220 MH699895 MH699915

X. angustiphylla GenBank USA: Blanco et al. 6768 (MAF) AY581092 – AY582328 –
X. atticoides GenBank USA: Blanco et al. 6744 (MAF) AY581066 – AY582302 AY578929

X. austroafricana 9549 Kenya: Coast Prov., Kirika 
4485 (F) MG695542 – – MG695644

X. beatricea E467 Kenya: E467 (MAF-Lich 
17174) JQ912367 – MG695793 JQ912462

X. camtschadalis 1 GenBank USA: Leavitt et al. 55174 
(BRY-C) HM578630 – – HM579042

X. camtschadalis 2 GenBank USA: Leavitt et al. 55291 
(BRY-C) HM578744 – – HM579156

X. cf. mexicana 016m Pakistan: Tattu; Kahlid, Usman 
& Khan MKF16 (LAH) MH580221 – – –

X. cf. mexicana 016m2 Pakistan: Swat Valley; Khan & 
Khalid SW-16 (LAH) MH580222 – – –

X. chlorochroa 536f USA: North Dakota; G. Lind 
1213 (BRY-C) HM578887 HM579688 KR995372 HM579298

X. conspersa GenBank  Spain: Zamora, Blanco & 
Crespo s.n. (MAF-Lich 6793) AY581096 – AF351186 AY578962

X. cordillerana E422 Chile: E422 (MAF-Lich 
17198) JQ912358 – MG695797 JQ912453

X. coreana 1 GenBank South Korea: Hur, J.-S. 005561 KJ170890 – – KJ170890
X. coreana 2 GenBank South Korea: Hur, J.-S. 005589 KJ170883 – – KJ170883 
X. coreana 3 GenBank South Korea: Hur, J.-S. 013905 KJ170873 – – KJ170873 

X. cumberlandia nybg02 USA: Maine; R. Harris 55563 
(NY) MG695545 – MG695798 MG695646

X. dierythra 226f USA: Leavitt et al. 55300 
(BRY-C) HM578753 HM579569 – HM579165

X. dierythra 439f USA: Leavitt et al. 55383 
(BRY-C) HM578833 – – HM579245

X. dierythra 098f Mexico: Puebla; Leavitt et al. 
55234 (BRY-C) HM578689 HM579504 – HM579099

X. hirolsakiensis GenBank South Korea: Hur, J.-S. 010532 KJ170876 – – KJ170876
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Species DNA 
code Voucher ITS MCM7 mtSSU nuLSU

X. hypofusca 8837 USA: West Virginia; Streets 
(02086946 NY) MG695550 MG695717 MG695803 MG695651

X. idahoensis 1 GenBank USA: Leavitt et al. 55463 
(BRY-C) HM578915 HM579708 – HM579323

X. idahoensis 2 GenBank USA: Leavitt et al. 55354 
(BRY-C) HM578805 HM579620 – HM579216

X. infrapallida 9904 USA: Arizona; Leavitt 9904 
(BRY-C) MG695555 MG695720 MG695809 MG695656

X. isidiovagans GenBank Spain: 9956 (MAF-Lich) AY581094 JX974718 AY582330 AY578960

X. lavicola GenBank USA: Leavitt et al. 55230 
(BRY-C) HM578685 HM579500 – –

X. lavicola 15489 Mexico: Morelos; Nash III 
46261 (WIS) MH580227 MH686131 – MH699920

X. lavicola• 14894 Mexico: Puebla; Barcenas-Peña 
5857 (F) MH580223 MH686127 MH699896 MH699916

X. lavicola• 14905 Mexico: Puebla; Barcenas-Peña 
5884 (F) MH580224 MH686128 MH699897 MH699917

X. lavicola• 14906 Mexico: Oaxaca; Barcenas-Peña 
5905 (F) MH580225 MH686129 MH699898 MH699918

X. lavicola• 14910 Mexico: Puebla; Barcenas-Peña 
5888 (F) MH580226 MH686130 MH699899 MH699919

X. lineola 245f USA: Arizona; EA collection 
31–259 (55306 BRY-C) MG695556 MG695721 MG695810 MG695657

X. maricopensis 6698 USA: Arizona; J. Leavitt 001 
(BRY-C) MG695558 MG695723 MG695812 MG695659

X. mexicana 291f USA: Leavitt et al. 55328 
(BRY-C) HM578780 HM579596 – HM579192

X. mexicana 786f USA: Leavitt et al. 55462 
(BRY-C) HM578914 HM579707 – HM579322

X. mexicana 097f Mexico: Leavitt et al. 55233 
(BRY-C) HM578688 HM579503 - HM579098

X. mexicana GenBank South Korea: Jang et al. 005486 
(KoLRI) KM250123 – – –

X. mexicana 15479 Mexico: San Luis Potosí; 
Barcenas-Peña 7316 (F) MH580231 MH686135 MH699904 MH699923

X. mexicana 15472 Mexico: San Luis Potosí; 
Barcenas-Peña 7408 (F) MH580229 MH699932 – MH699922

X. mexicana 15466 Mexico: San Luis Potosí; 
Barcenas-Peña 7441 (F) MH686404 MH686133 MH699902 –

X. mexicana 15461 Mexico: Querétaro; Barcenas-
Peña 7178 (F) MH686401 MH699930 MH699901 –

X. mexicana 15485 Mexico: Querétaro; Barcenas-
Peña 7209 (MEXU) MH686402 MH686136 MH699905 –

X. mexicana 15471 Mexico: San Luis Potosí; 
Barcenas-Peña 7273 (F) MH686403 MH699931 MH699903 –

X. mexicana 15473 Mexico: Hidalgo; Nash III 
45126 (WIS) MH580230 MH686134 – –

X. mexicana 156f USA: Leavitt et al. 55267 
(BRY-C) HM578721 HM579536 – HM579132

X. mexicana 15487 Mexico: Hidalgo; Barcenas-
Peña 7470 (F) MH580232 MH686137 MH699906 –

X. mexicana• 14899 Mexico: Oaxaca; Barcenas-Peña 
5918 (F) MH580228 MH686132 MH699900 MH699921

X. moctezumensis• 14897 Mexico: Puebla; Barcenas-Peña 
5891(F) MH580233 MH686138 MH699907 MH699924
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Species DNA 
code Voucher ITS MCM7 mtSSU nuLSU

X. norchlorochoroa 1 GenBank USA: Leavitt et al. 55157 
(BRY-C) HM578613 HM579432 – HM579025

X. norchlorochoroa 2 GenBank USA: Leavitt et al. 55447 
(BRY-C) HM578899 HM579693 – HM579307

X. orientalis GenBank South Korea: Hur, J.-S. 005613 KJ170884 – – KJ170884 

X. pedregalensis 527 Mexico: Mexico City; Ruiz-
Cazares 1552 (F) MH580238 MH707353 MH699912 MH699929

X. pedregalensis 526 Mexico: Mexico City; Ruiz-
Cazares 1553 (MEXU) MH580234 MH707352 MH699908 MH699925

X. pedregalensis 533 Mexico: Mexico City; Ruiz-
Cazares 1557 (F) MH580236 – MH699910 MH699927

X. pedregalensis 529 Mexico: Mexico City; Ruiz-
Cazares 1555 (F) MH580235 MH686139 MH699909 MH699926

X. pedregalensis 531 Mexico: Mexico City; Ruiz-
Cazares 1559 (MEXU) MH580237 MH707354 MH699911 MH699928

X. plittii 498f USA: North Carolina; Leavitt 
et al. (55422 BRY-C) MG695562 MG695727 – MG695664

X. psoromifera 1 GenBank USA: Leavitt et al. 55314 
(BRY-C) HM578766 HM579582 – HM579178

X. psoromifera 2 GenBank USA: Leavitt et al. 55313 
(BRY-C) HM578765 HM579581 – HM579177

X. pulvinaris GenBank Hungary: Molnar et al. 93943 
(BP) JQ362484 – JQ362485 JQ362486

X. isidiomontana 
nom. prov. 292f USA: Nevada; Leavitt (55329 

BRY-C) MG695579 MG695733 MG695834 MG695679

X. isidiomontana 
nom. prov. E1010 Spain: E1010 (MAF-Lich 

17181) JQ912354 – MG695835 JQ912451

X. isidiomontana 
nom. prov. E984 USA: E984 (MAF-Lich 17199) JQ912386 – MG695836 JQ912479

X. stenophylla 5040 Kazakhstan: Karkaralinsk; 
Tshernyshev (BRY-C) MG695583 MG695737 MG695843 MG695683

X. stenophylla E708 Turkey: E708 (MAF-Lich 
17196) JQ912372 – MG695844 JQ912467

X. subcumberlandia 121f USA: Utah; Leavitt et al. 
(55242 BRY-C) MG695584 MG695738 MG695845 MG695684

X. subdifluens 1 GenBank Spain: de Paz et al. 17178 
(MAF-Lich) JQ912381 – – JQ912474

X. subdifluens 2 GenBank Spain: Blanco et al. 9910 
(MAF) AY581105 – AY582340 AY578973

X. sublaevis GenBank Spain: Tenerife, Canary Islands; 
Blanco et al. 7460 (MAF) AY581106 – AY582341 AY578974

X. subramigera 9668 Kenya: Coast, Kirika 4583 (F) MG695525 MG695709 MG695774 MG695626

X. tuberculiformis GenBank South Korea: Jang et al. 012058 
(KoLRI) KM250131 – – KM250131

X. vicentei GenBank Spain: Salamanca; Crespo & 
Molina (7248 MAF-Lich) AY581112 – AY582347 AY578980

X. 
viriduloumbrina1 GenBank USA: Pennsylvania; Lendemer 

13314: 1049917 (NY) HM066945 – – –

X. viriduloumbrina 
2 GenBank USA: Pennsylvania; Lendemer 

13325: 1049906 (NY) HM066944 – – –

X. wyomingica 001f USA: Utah; Leavitt et al. 
(55151 BRY-C) MG695598 MG695745 MG695864 MG695698

X. wyomingica 826f USA: Wyoming; Leavitt 826 
(55501 BRY-C) HM578953 HM579746 – HM579360
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Morphology and chemistry

Morphological characters were observed using a Zeiss Stemi 2000-C stereoscope. As-
comatal anatomy, ascospore in addition to conidia shape and size were observed using 
a Zeiss Axioscope. Secondary metabolites were identified using spot test KOH 10%, 
KC, C, PD and high-performance thin layer chromatography (HPTLC), using solvent 
systems C following established methods (Culberson and Johnson 1982, Arup et al. 
1993, Lumbsch 2002, Orange et al. 2010).

Molecular methods

Total genomic DNA was extracted from thallus fragments following the manufactur-
ers’ instructions using the ZR Fungal/Bacterial DNA Miniprep Kit (Zymo Research 
Corp., Irvine, CA). DNA sequences were generated for four markers using polymer-
ase chain reaction (PCR): the nuclear ribosomal internal transcribed spacer region 
(ITS), a fragment of nuclear large subunit rDNA (nuLSU), the nuclear protein-coding 
marker minichromosome maintenance complex component 7 (MCM7) and a frag-
ment of the mitochondrial small subunit rDNA (mtSSU). PCR reactions contained 
6.25 ml of MyTaq Mix, 25 ml H2O, 0.25 ml forward and reverse primer and 0.5 ml 
template DNA, for a total reaction volume of 12.5 ml. The ITS region was amplified 
using primers ITS1F (Gardes and Bruns 1993) and ITS4 (White et al. 1990); MCM7 
using primers MCM7-709f and Mcm7-1348r (Schmitt et al. 2009), mtSSU using 
primers mrSSU1 and mrSSU3R (Zoller et al. 1999) and nuLSU rDNA using prim-
ers AL2R (Mangold et al. 2008) and LR6 (Vilgalys and Hester 1990). PCR products 
were sequenced using an ABI PRISM 3730 DNA Analyser (Applied Biosystems) at the 
Pritzker Laboratory for Molecular Systematics and Evolution at The Field Museum, 
Chicago, Illinois, USA. Nine specimens were obtained previously for a global phyloge-
netic study of the genus and sequenced using next generation sequencing technology 
as described in Leavitt et al. (2018) (Table 1). In short, metagenomic Nextera libraries 
(prepared from total DNA extraction) were sequenced on the Nextseq platform at the 
Core Genomics Facility at the University of Illinois at Chicago, USA. Illumina reads 
of each specimen were mapped to reference marker sequences downloaded from Gen-
bank (ITS AY581063, nuLSU HM125760, MCM7 HM579689, mtSSU KR995373) 
using the mapping feature implemented in Geneious v11.0.3 (http://www.geneious.
com, Kearse et al. 2012). The consensus sequence of each locus was extracted and 
added to the data set of Sanger sequences to build a combined alignment.

Sequence alignment and phylogenetic analysis

Sanger sequences, consensus Illumina reads and sequences available on GenBank were 
added to an alignment published in Leavitt et al. (2018) using Mafft v7 with the option 
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‘add sequence’ (Table 1). ITS, MCM7, mtSSU and nuLSU sequences were aligned in-
dependently using the ‘automatic’ option in Mafft v7, with the remaining parameters 
set to default values. Ambiguous positions of each one-locus alignment were removed 
using options for a “less stringent” selection on Gblocks 0.91b (Castresana 2000). 
SequenceMatrix software (Vaidya et al. 2011) was used for the alignment concatena-
tion. Phylogenetic analyses were performed using Maximum Likelihood (ML) and 
Bayesian Analysis (BA). ML trees were calculated with RAxML-HPC2 on XSEDE 
8.2.10 (Stamatakis 2014) on the Cipres Science Gateway (Miller et al. 2010) using 
GTR+G+I substitution model with 1000 bootstrap pseudoreplicates. For the BA, sub-
stitution models for each locus were estimated using jModelTest-2.1.9 (Guindon and 
Gascuel 2003, Darriba et al. 2012): in ITS the TIM2ef+I+G, in MCM7 the K80+G, 
in mtSSU the TPM2uf+I and in nuLSU the TrN+I were used. Two parallel Markov 
chain Monte Carlo (MCMC) runs were performed in MrBayes 3.2.6 (Huelsenbeck 
and Ronquist 2001, Ronquist and Huelsenbeck 2003), each using 10,000,000 genera-
tions which were sampled every 100 steps. A 50% majority rule consensus tree was 
generated from the combined sampled trees of both runs after discarding the first 25% 
as burn-in. Tree files were visualised with FigTree 1.4.2 (Rambaut 2014). The ITS, 
MCM7, mtSSU and nuLSU sequences are deposited in GenBank (Table 1).

Results and Discussion

Phylogeny

Results from phylogenetic analyses presented here clearly indicate that the taxonomy 
in the Xanthoparmelia mexicana group requires revision because different samples as-
signed to the same species based on phenotypical characters may not form a monophy-
letic group. Specimens identified as X. mexicana from Asia (Pakistan and South Korea) 
were distantly related to samples of the species collected in North America and Europe 
(included in X. isidiomontana nom prov) (Fig. 2). The latter specimens fell into three 
distinct and well supported clades (clade I-III in Fig. 2). Note that the three distinct 
and well supported clades did not form a monophyletic group.

Clade ‘I’ (=X. ‘isidiomontana’ nom prov, ‘D2’ in Leavitt et al. 2013) included isidi-
ate specimens from North America and Europe and samples identified as X. dierythra, 
X. mexicana (Figs. 2A and B) and X. plittii, in addition to a number of non-isidiate, 
fertile specimens. Additional studies will be necessary to better understand the de-
limitation of X. dierythra, which is also polyphyletic and is currently accommodating 
specimens with norstictic acid and lacking salazinic acid (Hale 1990). This clade likely 
represents another species-level lineage lacking formal taxonomic recognition and a 
formal description of this lineage will be proposed once the phylogenetic placement of 
X. dierythra s. str. is ascertained.

Clade ‘II’ included specimens collected in the Pedregal, south of Mexico City, which 
is also the type locality of X. mexicana. However, the new material does not correspond 
phenotypically with the type specimen of X. mexicana in BP (Fig. 2G). These specimens 
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Figure 2. Phylogenetic relationships of the Xanthoparmelia mexicana group based on a concatenated data 
set of ITS, mtSSU, nuLSU and MCM7. Topology based on maximum likelihood (ML) analyses. Boot-
strap values above 75 and 0.95 posterior probability are indicated on each branch. The clades I, II and III 
are highlighted in blue, yellow and pink, respectively. Selected specimens representing clades (habit and 
isidia): I, X. mexicana s. lat. (A, B); II, X. pedregalensis (C, D) and III, X. mexicana s. str. (E, F), a picture 
of the X. mexicana type specimen from BP is included (G).

are different from X. mexicana specimens (represented by Clade III in phylogenetic 
analysis) in having less contiguous lobes, densely isidiate thallus, presence of salazinic 
acid, norstictic acid and an unknown substance. Since clade ‘II’ differs phylogenetically 
and phenotypically from clade ‘III’ (representing X. mexicana s. str. – see below), we 
describe clade ‘II’ as a species new to science, X. pedregalensis (Figs. 2C and D).
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Clade ‘III’ includes the majority of samples identified as X. mexicana collected in dif-
ferent localities of Mexico (Oaxaca, Puebla, San Luis Potosí, Querétaro, Hidalgo). Speci-
mens recovered in this clade were morphologically and chemically similar to the lectotype 
of X. mexicana in BP (Fig. 2G). Therefore, clade ‘III’ is here recognised as X. mexicana s. 
str. (Gyelnik 1931, Hale 1974) (Figs. 2E and F). So far, we have only been able to con-
firm the presence of X. mexicana s.str. in Mexico. Specimens collected in other areas and 
previously identified as X. mexicana likely represent different species. For example, none 
of the samples from Asia or those reported in Leavitt et al. (2013) from western United 
States belongs to X. mexicana s. str. Further studies are needed to evaluate the occurrence 
of this species in other parts of the world, including North America and Europe.

Underestimates of species diversity is common amongst under-studied organismal 
groups (Pawar 2003, Chiarucci et al. 2011, Lücking 2012, Coleman 2015, Troia and 
McManamay 2016, Troudet et al. 2017), which is particularly evident in lichenised 
fungi (Crespo and Perez-Ortega 2009, Crespo and Lumbsch 2010, Leavitt et al. 2011, 
Lumbsch and Leavitt 2011, Leavitt et al. 2013, Leavitt et al. 2016, Lücking et al. 
2016, Leavitt et al. 2018). Previous studies concluded that the species delimitation 
in lichenised ascomycetes with traditional morphological and chemical characters are 
apparently misleading with respect to species diversity. In the study of Leavitt et al. 
(2016), several new taxa were described primarily based on evidence from genetic 
data, but it does not preclude the possibility that additional studies investigating mor-
phological and chemical characters may identify additional independent characters 
or combinations of characters, supporting the species circumscribed using molecular 
data. Our results corroborate findings from the previous studies by showing the need 
of an integrative approach using not only conventional (i.e. morphology and TLC 
data), but also new sets of data (e.g. DNA sequence data) to better understand the 
pattern of species diversity. Our study shows that, by incorporating molecular data, 
the taxonomic status of a conventionally difficult group based on morphology can be 
resolved: the three main clades belonging to the X. mexicana complex do not form 
a monophyletic group based on our newly reconstructed phylogeny (Fig. 1). In this 
context, the species diversity in the X. mexicana complex is likely under-estimated and 
morphologically cryptic species may be identified in the future.

Taxonomy

Xanthoparmelia pedregalensis Barcenas-Peña, Lumbsch & Leavitt, sp. nov. 
Mycobank: MB826958
Figs. 2C and D

Type. MEXICO. Ciudad de México: Coyoacán, Pedregal de San Angel, 
19°19'8.3"N, 99°11'25.93"W, 2321 m elev., xerophytic scrub, on rocks, November, 
2017, Ruiz Cazares 1553 (MEXU-holotype), same locality and date Ruiz Cazares 
1559 (MEXU-paratype).
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Diagnosis. Thallus moderately adnate to adnate, imbricate, upper surface yellow-
green, lower surface tan-brown, abundant isidia subglobose to cylindrical, simple to 
branched and medulla containing salazinic and norstictic acids as major compounds 
and an unknown substance. Differing from the phenotypically similar X. mexicana by 
nucleotide position characters in the ITS sequence as shown in Table 2.

Etymology. The taxon name is based on its occurrence in the Pedregal de San 
Angel region of Mexico.

Description. Thallus foliose, moderately adnate to adnate, 2–7 cm in diam., 
irregularly lobate; lobes subirregular, elongate, plane to subconvex, 1.5–3 mm 
wide, not lobulate; apices subrotund, smooth, eciliate. Upper surface yellow-green, 
smooth, shiny, epruinose and emaculate, densely isidiate; isidia initially subglobose, 
becoming cylindrical to coralloid branched with age, 0.1–0.2 mm in diam., 0.1–
0.9 mm tall; tips syncorticate, brown to dark brown, sometimes weakly erumpent; 
soralia and pustulae absent. Medulla white, with continuous algal layer. Lower sur-
face tan to brown, plane, moderately rhizinate; rhizines pale to dark brown, sim-
ple, 0.5–0.9 mm long. Apothecia rare, sessile, 1–2 mm wide, laminal on thallus; 
disc cinnamon-brown to dark brown; margin smooth, pruina absent; asci: clavate, 
8-spored; ascospores hyaline, simple, ellipsoid, 9–10 × 4–5 µm. Pycnidia rare, im-
mersed conidia bifusiform, 5–7 × 1 µm.

Secondary metabolites. Upper cortex K–, C–, KC–, P–; medulla K+ yellow then 
dark red, KC–, C–, P+ yellow-orange. Upper cortex with usnic acid (major); medulla 
with salazinic (major) and norstictic acids (submajor) and an unknown substance 
(minor) (Rf 28–30, brown in daylight after heating, UV brown-dark, yellow halo 
after heating).

Distribution and ecology. The new species was found in xerophytic scrub vegeta-
tion, in Pedregal de San Angel south of Mexico City, growing on volcanic rocks. It is 
currently known only from the type locality.

Notes. Xanthoparmelia pedregalensis is morphological and chemically similar to X. 
mexicana. However, the latter has more contiguous lobes and is less isidiate than X. pe-
dregalensis. In addition X. mexicana has salazinic (major) and consalazinic acid (minor) 
and usually norstictic and protocetraric acids (trace) in the medulla, whereas X. pe-
dregalensis contains salazinic (major) and norstictic acids (submajor) and an unknown 
substance. Distinguishing the two species is supported by molecular data.

Additional specimens examined. Mexico. Ciudad de México: Coyoacán, Pedregal 
de San Angel, 19°19'8.3"N, 99°11'25.93"W, 2321 m elev., xerophytic scrub, on rocks, 
November, 2017, Ruiz Cazares 1552 (MEXU); 19°19'15.19"N, 99°11'15.22"W, 
2311 m, Ruiz Cazares 1555, 1557 (F).

Table 2. Differences of nucleotide positions in the ITS marker between X. mexicana and X. pedregalensis.

Species Aligned nucleotide position characters in the ITS marker
36 115 379 425 450 466 488 496

X. mexicana G C A C T C/T G A
X. pedregalensis A T G G C A C G
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New state records

Xanthoparmelia ajoensis (Nash) Egan, 1975: 217.

Parmelia ajoensis Nash, 1974: 234. [Type collection: Organ Pipe Cactus National 
Monument, Pima Co., Arizona, USA, Nash 5999 (ASU, holotype; DUKE, US, iso-
types).] New to Oaxaca, X. ajoensis is distributed across western USA and Mexico 
where it has previously been reported from Baja California Sur, Durango, Morelos, 
Puebla, Sinaloa and Sonora on acidic rocks, often in open, arid habitats at relatively 
low elevations (Hale 1990, Nash and Elix 2004, Nash et al. 2016).

Specimens Examined: Mexico. Oaxaca: Quiotepec, 17°54'18.9"N, 96°58'01.8"W, 
696 m elev., xerophytic scrub, on rock, October, 2016, Barcenas-Peña 5906, 5908, 
5913, 5915 (MEXU).

Xanthoparmelia moctezumensis Nash in C. Culberson, Nash & Johnson, 1979: 
155. [Type collection: 28 km E of Moctezuma, Sonora, Mexico, Nash 12548 
(ASU, holotype; DUKE, US, isotypes).]

New to Puebla. Xanthoparmelia moctezumensis is distributed throughout south-west-
ern USA and Mexico where it has been reported from Baja California Sur, Durango, 
Sinaloa and Sonora on acidic rocks, often in open, arid to woodland habitats (Nash 
and Elix 2004, Nash et al. 2016).

Specimens Examined: Mexico. Puebla: San Rafael Coxcatlán, 18°13'16.6"N, 
97°07'22.4"W, 1148 m elev., xerophytic scrub, on rock, October, 2016, Barcenas-Peña 
5887, 5890, 5891, 5893 (MEXU).

Xanthoparmelia mexicana (Gyelnik) Hale, 1974: 488.

New to Querétaro, San Luis Potosí and Zacatecas. Xanthoparmelia mexicana has been 
reported from Baja California, Baja California Sur, Chihuahua, Coahuila, Distrito 
Federal, Durango, Guanajuato, Hidalgo, Jalisco, Michoacán, Nuevo León, Oaxaca, 
Puebla, Sonora and Veracruz, on acidic rocks, often on soil near the coast in open, arid 
habitats (Nash et al. 2004, 2016).

Specimens Examined: Mexico: Querétaro. Tequisquiapan, Rancho Las Fuentes, 
20°33'51.0"N, 100°01'54.6"W W, 1942 m elev., xerophytic scrub, on rock, Au-
gust, 2017, Barcenas-Peña 7516; San Luis Potosí, Mexquitic de Carmona, La Cam-
pana, 22°15'28.9"N, 101°05'26.8"W, 2012 m elev., xerophytic scrub, on rock, 
August, 2017, Barcenas-Peña 7441; Zacatecas, Fresnillo, El Poleo, 23°06'16.4"N, 
102°54'24.3"W, 2227 m elev., xerophytic scrub, on rock, August, 2017, Barcenas-
Peña 7356 (all MEXU).
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Abstract
A new canker and decline disease of pistachio (Pistacia vera) is described from Sicily (Italy). Observations 
of the disease and sampling of the causal agent started in spring 2010, in the area where this crop is 
typically cultivated, Bronte and Adrano (Catania province) and later extended to the Agrigento and 
Caltanissetta provinces. Isolations from the margins of twig, branch and stem cankers of declining plants 
resulted in fungal colonies with the same morphology. Pathogenicity tests on 5-year-old potted plants 
of Pistacia vera grafted on P. terebinthus reproduced similar symptoms to those observed in nature and 
the pathogen was confirmed to be a coloniser of woody plant tissue. Comparison of our isolates with 
the type of the apparently similar Asteromella pistaciarum showed that our isolates are morphologically 
and ecologically different from A. pistaciarum, the latter being a typical member of Mycosphaerellaceae. 
Asteromella pistaciarum is lectotypified, described and illustrated and it is considered to represent a 
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spermatial morph of Septoria pistaciarum. Multi-locus phylogenies based on two (ITS and LSU rDNA) 
and three (ITS, rpb2 and tub2) genomic loci revealed isolates of the canker pathogen to represent a new 
species of Liberomyces within the Delonicicolaceae (Xylariales), which is here described as Liberomyces 
pistaciae sp. nov. (Delonicicolaceae, Xylariales). The presence of this fungus in asymptomatic plants with 
apparently healthy woody tissues indicates that it also has a latent growth phase. This study improves 
the understanding of pistachio decline, but further studies are needed for planning effective disease 
management strategies and ensuring that the pathogen is not introduced into new areas with apparently 
healthy, but infected plants.

Keywords
Delonicicolaceae, nut disease, pathogenicity, Pistacia vera, Xylariales, 1 new species

Introduction

Cases of pistachio tree decline with gummosis, leaf canopy thinning and fruit losses 
have been observed for several years in the area of Bronte (Catania province, Sicily, 
Italy), which is considered the most typical area where high-quality pistachios are pro-
duced in Italy (http://www.dibartolosrl.it/bronte-pistachios/). Although pistachio is 
characterised by good rusticity, it is subject to several fungal diseases known to afflict 
pistachio trees in the Mediterranean area. Of these, the most commonly reported are 
phylloptosis, leaf spots mainly caused by Septoria pistaciae, S. pistaciarum and Pseu-
docercospora pistacina, gum cankers by Cytospora terebenthi and branch and twig can-
kers by Botryosphaeria dothidea (Chitzanidis 1995, Teviotdale et al. 2002, Vitale et al. 
2007, Crous et al. 2013). The latter is widespread and already present as a latent patho-
gen in numerous plant communities in various parts of the world (Marsberg et al. 
2017). Amongst soil-borne pathogens, Verticillium dahliae and Phytophthora spp. are 
reported to be particularly damaging in California (Holtz 2008). Moreover, recently 
a new blight was reported on pistachio fruit caused by Arthrinium xenocordella in the 
Agrigento province, southern Italy (Aiello et al. 2018).

From spring 2010 onwards, surveys have been carried out in 15 pistachio orchards 
of Catania, Agrigento and Caltanissetta provinces, Sicily, where declining trees were 
present. Declining plants showed twig, branch and stem cankers associated with vas-
cular necrosis and tree decline. Abundant gummosis often occurred in association with 
cankered lesions. The cankered area resulted in localised, sunken lesions with several 
central cracks. After removing the bark, discolouration and necrotic tissue were evident 
and lesions deepened into the woody tissue. A coelomycetous fungus with pycnidial 
conidiomata was consistently isolated from these lesions.

The aims of this study were thus to investigate the aetiology of the decline syn-
drome observed in Bronte and to provide morphological, taxonomic, phylogenetic and 
pathogenic evidence of the causal organism which proved to be an undescribed species 
of Liberomyces, which was initially misidentified as Asteromella pistaciarum.
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Materials and methods

Field survey and isolation

Surveys of 15 pistachio orchards were conducted from 2010 to 2017 in Bronte and 
Adrano (Catania province, eastern Sicily) and Agrigento and Caltanissetta provinces 
(western Sicily). Approximately 10 samples per orchard showing cankered twigs and 
branches from declining pistachio plants were randomly collected for analysis (Fig. 1). 
Sub-cortical and wood fragments (about 5 × 5 mm) were cut from the lesion margins 
between affected and healthy tissues. In addition, from one orchard in Bronte, twigs 
were also sampled from asymptomatic pistachio plants. Subsequently, tissue pieces 
were disinfected by soaking in 70% ethanol for 5 s, 4% sodium hypochlorite for 90 
s, rinsed in sterile water for 60 s and dried on sterile filter paper in a laminar flow 
cabinet. The fragments were placed on to 1.5% (w/v) malt extract agar (MEA, Oxoid, 
Basingstoke, UK) and 2% potato dextrose agar (PDA, Oxoid), incubated at room 
temperature (25 ± 5 °C) and examined for fungal growth. Numerous slow-growing 
cultures were obtained and single-conidial isolations were performed with conidia col-
lected from pycnidia produced on those cultures within one month of incubation at 
room temperature under natural light conditions. More than 80 single-spore isolates 
were obtained from symptomatic and asymptomatic tissue isolations. Amongst these, 
71 isolates were characterised by molecular and phylogenetic analysis (Table 1) and the 
four isolates ISPaVe1958, ISPaVe2105, ISPaVe2106 and ISPaVe2148 were considered 
for morphological, taxonomic and pathogenic studies. For a summary of sampling 
information of these isolates, see Suppl. Material 1.

Morphological characterisation

For morphological investigations, cultures were grown on MEA, PDA and 2% corn 
meal agar (CMA, Sigma-Aldrich) supplemented with 2% w/v dextrose (CMD). 
Moreover, pycnidial formation was assessed on artificially inoculated sterilised pis-
tachio twigs incubated in a moist chamber. The isolates used in this study are main-
tained in the culture collections of the Dipartimento di Agricoltura, Alimentazione e 
Ambiente, University of Catania (PV) and of the CREA-DC (ex CREA-PAV), the ex-
type isolate ISPaVe1958 of the new pistachio pathogen was deposited at the Wester-
dijk Fungal Biodiversity Institute (CBS), Utrecht, The Netherlands and the holotype 
specimen in the Fungarium of the Department of Botany and Biodiversity Research, 
University of Vienna (WU).

For investigations of temperature-growth relationships of the new pistachio patho-
gen, the holotype isolate ISPaVe1958 and the more recent isolate ISPaVe2148 were 
used. Agar plugs (5 mm diam.) were taken from the edge of actively growing cultures 
on MEA and transferred on to the centre of 9 cm diam. Petri dishes containing 1.5% 
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MEA. Three replicate plates were incubated at 10, 15, 20, 25, 30 and 35 °C in the dark 
and measurements were taken after 21 d at right angles along two lines intersecting 
the centre of the inoculum and the mean growth rates plus and minus the standard 
deviation were calculated.

The holotype isolate ISPaVe1958 (CBS 128196) of the new pistachio pathogen 
and the type specimens of Asteromella pistaciarum deposited in the Natural History 
Museum of Vienna (W) were morphologically examined. For light microscopy, squash 
mounts and hand sections of pycnidia were made using a razor blade and observed 
in tap water or in 3% KOH. Methods of microscopy included stereomicroscopy us-
ing a Nikon SMZ 1500 equipped with a Nikon DS-U2 digital camera and light mi-
croscopy with Nomarski differential interference contrast (DIC) using the compound 
microscope Zeiss Axio Imager.A1 equipped with a Zeiss Axiocam 506 colour digital 
camera. Images were captured and measured with NIS-Elements D v. 3.0 or with the 
Zeiss ZEN Blue Edition software. For certain images of pycnidia, the stacking soft-
ware Zerene Stacker v. 1.04 (Zerene Systems LLC, Richland, WA, USA) was used. 
Measurements are reported as maximum and minimum in parentheses and the range 
representing the mean plus and minus the standard deviation of a number of measure-
ments given in parentheses.

Pathogenicity

Pathogenicity tests with four fungal strains of the undescribed pistachio pathogen were 
performed to satisfy Koch’s postulates. Trials were carried out outdoors and in a growth 
chamber at 25 ± 1 °C. Potted 5-yr-old plants of Pistacia vera grafted on to P. terebinthus 
were used for artificial inoculations. Three plants for each isolate and six inoculation 
sites for each plant were considered.

Inoculations were made on stems and twigs after removing a 5 mm diam. bark disc 
with a cork borer, replacing it with a 5 mm plug from a 14-d-old PDA culture and 
covering it with sterile wet cotton, wrapped with parafilm (Pechney Plastic Packaging 
Inc., Chicago, USA) and aluminium foil to prevent contamination and desiccation. 
An equivalent number of plants and inoculation sites were inoculated with sterile PDA 
plugs as controls. The inoculated plants were observed every week. Symptom typology 
and the length of lesions were assessed after 12 months. To fulfil Koch’s postulates, 
re-isolation was conducted following the same procedure as described above for isola-
tions. Tissue fragments were plated on MEA or PDA and morphological and molecu-
lar identifications by sequencing the ITS rDNA were performed.

DNA extraction, PCR amplification and sequencing

The extraction of genomic DNA from pure cultures was performed as reported in 
previous studies (Voglmayr and Jaklitsch 2011, Jaklitsch et al. 2012, Guarnaccia and 
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Crous 2017) by using the DNeasy Plant Mini Kit (QIAgen GmbH, Hilden, Ger-
many) or the Wizard Genomic DNA Purification Kit (Promega Corporation, WI, 
USA). For the ex-type strain of the new species, the complete internal transcribed 
spacer region (ITS1-5.8S-ITS2) and a ca. 0.9 kb fragment of the large subunit nuclear 
ribosomal DNA (nLSU rDNA) were amplified and sequenced as a single fragment 
with primers V9G (de Hoog and Gerrits van den Ende 1998) and LR5 (Vilgalys and 
Hester 1990); the complete ITS region of the other strains was amplified with prim-
ers ITS5 and ITS4 (White et al. 1990); the RNA polymerase II subunit 2 (rpb2) gene 
was amplified with primers fRPB2-5F2 and fRPB2-7cR (Liu et al. 1999, Sung et al. 
2007) or dRPB2-5f and dRPB2-7r (Voglmayr et al. 2016); and the beta-tubulin (tub2) 
gene with primer pairs T1 and T22 or Tub2Fd and Bt-2b (O’Donnell and Cigelnik 
1997, Aveskamp et al. 2009). The PCR product was purified using an enzymatic PCR 
cleanup (Werle et al. 1994) as described in Voglmayr and Jaklitsch (2008). DNA was 
cycle-sequenced using the ABI PRISM Big Dye Terminator Cycle Sequencing Ready 
Reaction Kit v. 3.1 (Applied Biosystems, Warrington, UK) with the same primers as in 
PCR; in addition, primers ITS4, LR2R-A (Voglmayr et al. 2012) and LR3 (Vilgalys 
and Hester 1990) were used for the ITS-LSU fragment. Sequencing was performed on 
an automated DNA sequencer (3730xl Genetic Analyser, Applied Biosystems).

Phylogenetic analyses

NCBI BLASTn searches of the ITS and LSU of the undescribed pistachio pathogen 
revealed members of Xylariales as closest matches. For phylogenetic analyses, two com-
bined matrices were produced; GenBank accession numbers of the sequences used in 
the phylogenetic analyses are given in Table 1. A combined ITS-LSU matrix was gener-
ated to reveal the phylogenetic position of the undescribed pistachio pathogen within 
Xylariales. For this, representative GenBank sequences of Xylariales were selected from 
Jaklitsch et al. (2016) and supplemented with some additional GenBank sequences; 
six taxa of Sordariomycetes were added as outgroup. The second combined matrix 
contained three loci (ITS, rpb2, tub2) sequenced for 68 isolates of the undescribed 
pistachio pathogen; in addition, GenBank sequences of four accessions of Delonicico-
laceae and of six additional members of Xylariales were added and two species of Dia-
porthales were used as outgroup (Guarnaccia and Crous 2017, Voglmayr et al. 2017).

All alignments were produced with the server version of MAFFT (www.ebi.ac.uk/
Tools/mafft), checked and refined using BioEdit v. 7.0.9.0 (Hall 1999). After exclu-
sion of ambiguously aligned regions and long gaps, the final ITS-LSU matrix con-
tained 1340 nucleotide characters and the three loci matrix 1941 nucleotide characters 
(660 from ITS, 781 from rpb2 and 500 from tub2). The alignment and phylogenetic 
trees were deposited in TreeBASE (http://purl.org/phylo/treebase/phylows/study/
TB2:S23059).

Maximum Likelihood (ML) analyses were performed with RAxML (Stamatakis 
2006) as implemented in raxmlGUI v. 1.3 (Silvestro and Michalak 2012), using the 
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ML + rapid bootstrap setting and the GTRGAMMAI substitution model with 1000 
bootstrap replicates.

Maximum Parsimony (MP) analyses were performed with PAUP v. 4.0a161 
(Swofford 2002), using 1000 replicates of heuristic search with random addition of 
sequences and subsequent TBR branch swapping (MULTREES option in effect, steep-
est descent option not in effect, COLLAPSE command set to MINBRLEN). Molecu-
lar characters were unordered and given equal weight; gaps were treated as missing 
data. Bootstrap analyses with 1000 replicates were performed in the same way, with 5 
rounds of replicates of heuristic search with random addition of sequences and sub-
sequent TBR branch swapping during each bootstrap replicate, with each replicate 
limited to 1 million rearrangements in the analysis of the three-loci matrix.

Results

Field survey and isolation

Cankers and decline symptoms caused by the undescribed pistachio pathogen were de-
tected in 10 orchards amongst the 15 investigated. The disease was primarily observed 
in the winter period and during late spring.

In the Bronte and Adrano areas (Catania province), symptoms were observed dur-
ing the dormant season. Symptomatic plants showed gum exudation and often bark 
scaling on trunk and/or branches. When bark scaling occurred, it appeared as cracking 
and peeling of the bark. On trunks and large branches, cankers first appeared as visible 
dead circular areas that developed in the bark, which subsequently became dark and 
sunken. From that point onwards, infected areas expanded in all directions but much 
faster along the main axis of the stem, branch or twig. Under some environmental 
conditions, the host produced callus tissue around dead areas limiting the canker. Un-
der the bark, cankers were characterised by discolouration and necrotic tissues and, in 
some cases, these extended to the vascular tissues and pith (Figs 1, 2).

During the active growing season, the symptomatic plants also showed canopy decline. 
Inflorescences and shoots, originating from infected branches or twigs, wilted and died. 
When the trunk was girdled by a canker, a collapse of the entire plant occurred (Fig. 1).

More than 80 single-spore isolates were obtained from symptomatic and a few also 
from asymptomatic pistachio plants. Amongst these, 71 isolates were characterised by 
molecular phylogenetic analyses and 68 deposited at the Westerdijk Fungal Biodiver-
sity Institute, Utrecht, Netherlands (Table 1).

Pathogenicity

The initial symptom, observed 3 weeks after artificial fungal inoculation, was gum 
exudation produced around the point inoculated. After removing the bark, a dark 
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Table 1. Isolates and accession numbers used in the phylogenetic analyses.

Taxon Strain1,2,3 ITS3 LSU3 tub23 rpb23

Acrocordiella occulta CBS 140500ET KT949893 KT949893
Alnecium auctum CBS 124263ET KF570154 KF570154
Amphibambusa bambusicola MFLUCC 11-0617HT KP744433 KP744474
Amphisphaeria umbrina HKUCC 994 AF009805 AF452029
Anthostoma decipiens CBS 133221 KC774565 KC774565
Arthrinium phragmites CBS 135458HT KF144909 KF144956
Arthrinium saccharicola CBS 831.71 KF144922 KF144969
Barrmaelia macrospora CBS 142768ET KC774566 KC774566
Bartalinia robillardoides CBS 122705ET KJ710460 KJ710438 LT853252 LT853152
Basiseptospora fallax CBS 129020ET JF440983 JF440983
Beltrania rhombica CBS 141507 KX306749 KX306778
Beltraniella odinae NBRC 6774 006774014 006774014

Beltraniopsis neolitseae CBS 137974HT KJ869126 KJ869183
Biscogniauxia nummularia MUCL 51395ET JX658444 KT281894
Broomella vitalbae CBS 140412 KT949895 KT949895
Cainia graminis CBS 136.62 KR092793 AF431949
Calosphaeria pulchella CCTU 316 JX876610 JX876611
Camillea obularia ATCC 28093 KY610384 KY610429
Chaetosphaeria innumera MR 1175 AF178551 AF178551
Coniocessia maxima CBS 593.74HT GU553332 GU553344
Coniocessia nodulisporioides CBS 281.77IT GU553333 GU553352
Creosphaeria sassafras CBS 127876 KT949900 KT949900
Cryptovalsa rabenhorstii CBS 125574 KC774567 KC774567
Daldinia concentrica CBS 113277 AY616683 KT281895 KC977274 KY624243
Delonicicola siamense MFLUCC 15-0670HT MF167586 MF158345 – MF158346
Diaporthe eres CBS 109767 KC343075 AF408350
Diaporthe limonicola CBS 142549HT MF418422 MF418582 MH797629
Diatrype disciformis CBS 197.49 - DQ470964
Discosia artocreas NBRC 8975 AB594773 AB593705
Eutypa lata CBS 208.87NT DQ006927 DQ836903 
Graphostroma platystoma CBS 270.87 JX658535 AY083827
Hymenopleella hippophaeicola CBS 140410ET KT949901 KT949901
Hyponectria buxi UME 31430 - AY083834
Hypoxylon fragiforme MUCL 51264ET KC477229 KM186295
Idriella lunata MUCL 7551 KC775735 KC775710
Immersidiscosia eucalypti MAFF 242781 AB594793 AB593725
Juglanconis juglandina CBS 133343 KY427149 KY427234 KY427199
Kretzschmaria deusta CBS 163.93 KC477237 KT281896
Leiosphaerella praeclara CBS 125586ET JF440976 JF440976
Lepteutypa fuckelii CBS 140409NT KT949902 KT949902
Liberomyces macrosporus CCF 4028HT FR715522 FR715522 FR715498 FR715509
Liberomyces pistaciae CPC 31292 = CBS 144225 MH797562 MH797697 MH797630
Liberomyces pistaciae CPC 31293 MH797563 MH797698 MH797631
Liberomyces pistaciae CPC 31294 MH797564 MH797699 MH797632
Liberomyces pistaciae CPC 31295 MH797565 MH797700 MH797633
Liberomyces pistaciae CPC 31296 MH797566 MH797701 MH797634
Liberomyces pistaciae CPC 31297 MH797567 MH797702 MH797635
Liberomyces pistaciae CPC 31298 MH797568 MH797703 MH797636
Liberomyces pistaciae CPC 31299 MH797569 MH797704 MH797637
Liberomyces pistaciae CPC 31300 MH797570 MH797705 MH797638
Liberomyces pistaciae CPC 31301 MH797571 MH797706 MH797639
Liberomyces pistaciae CPC 31302 MH797572 MH797707 MH797640
Liberomyces pistaciae CPC 31303 MH797573 MH797708 MH797641
Liberomyces pistaciae CPC 31304 MH797574 MH797709 MH797642
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Taxon Strain1,2,3 ITS3 LSU3 tub23 rpb23

Liberomyces pistaciae CPC 31305 MH797575 MH797710 MH797643
Liberomyces pistaciae CPC 31315 MH797576 MH797711 MH797644
Liberomyces pistaciae CPC 31316 MH797577 MH797712 MH797645
Liberomyces pistaciae CPC 31317 MH797578 MH797713 MH797646
Liberomyces pistaciae CPC 31318 MH797579 MH797714 MH797647
Liberomyces pistaciae CPC 31319 MH797580 MH797715 MH797648
Liberomyces pistaciae CPC 31320 MH797581 MH797716 MH797649
Liberomyces pistaciae CPC 31321 MH797582 MH797717 MH797650
Liberomyces pistaciae CPC 31322 MH797583 MH797718 MH797651
Liberomyces pistaciae CPC 31323 MH797584 MH797719 MH797652
Liberomyces pistaciae CPC 31324 MH797585 MH797720 MH797653
Liberomyces pistaciae CPC 31325 MH797586 MH797721 MH797654
Liberomyces pistaciae CPC 31326 MH797587 MH797722 MH797655
Liberomyces pistaciae CPC 31327 MH797588 MH797723 MH797656
Liberomyces pistaciae CPC 31328 MH797589 MH797724 MH797657
Liberomyces pistaciae CPC 31329 MH797590 MH797725 MH797658
Liberomyces pistaciae CPC 31330 MH797591 MH797726 MH797659
Liberomyces pistaciae CPC 31332 MH797592 MH797727 MH797660
Liberomyces pistaciae CPC 31333 MH797593 MH797728 MH797661
Liberomyces pistaciae CPC 33611 MH797594 MH797729 MH797662
Liberomyces pistaciae CPC 33612 MH797595 MH797730 MH797663
Liberomyces pistaciae CPC 33613 MH797596 MH797731 MH797664
Liberomyces pistaciae CPC 33614 MH797597 MH797732 MH797665
Liberomyces pistaciae CPC 33629 MH797598 MH797733 MH797666
Liberomyces pistaciae CPC 33630 MH797599 MH797734 MH797667
Liberomyces pistaciae CPC 33848 MH797600 MH797735 MH797668
Liberomyces pistaciae CPC 33849 MH797601 MH797736 MH797669
Liberomyces pistaciae CPC 33850 MH797602 MH797737 MH797670
Liberomyces pistaciae CPC 33851 MH797603 MH797738 MH797671
Liberomyces pistaciae CPC 33852 MH797604 MH797739 MH797672
Liberomyces pistaciae CPC 33853 MH797605 MH797740 MH797673
Liberomyces pistaciae CPC 33854 MH797606 MH797741 MH797674
Liberomyces pistaciae CPC 33855 MH797607 MH797742 MH797675
Liberomyces pistaciae CPC 33856 MH797608 MH797743 MH797676
Liberomyces pistaciae CPC 33857 MH797609 MH797744 MH797677
Liberomyces pistaciae CPC 33858 MH797610 MH797745 MH797678
Liberomyces pistaciae CPC 33859 MH797611 MH797746 MH797679
Liberomyces pistaciae CPC 33860 MH797612 MH797747 MH797680
Liberomyces pistaciae CPC 33861 MH797613 MH797748 MH797681
Liberomyces pistaciae CPC 33862 MH797614 MH797749 MH797682
Liberomyces pistaciae CPC 33863 MH797615 MH797750 MH797683
Liberomyces pistaciae CPC 33866 MH797616 MH797751 MH797684
Liberomyces pistaciae CPC 33867 MH797617 MH797752 MH797685
Liberomyces pistaciae CPC 33868 MH797618 MH797753 MH797686
Liberomyces pistaciae CPC 33869 MH797619 MH797754 MH797687
Liberomyces pistaciae CPC 33870 MH797620 MH797755 MH797688
Liberomyces pistaciae CPC 33871 MH797621 MH797756 MH797689
Liberomyces pistaciae CPC 33872 MH797622 MH797757 MH797690
Liberomyces pistaciae CPC 33873 MH797623 MH797758 MH797691
Liberomyces pistaciae CPC 33874 MH797624 MH797759 MH797692
Liberomyces pistaciae CPC 34204 MH797625 MH797760 MH797693
Liberomyces pistaciae CPC 34205 MH797626 MH797761 MH797694
Liberomyces pistaciae CPC 34206 MH797627 MH797762 MH797695
Liberomyces pistaciae CPC 34207 MH797628 MH797763 MH797696
Liberomyces pistaciae ISPaVe1958HT = CBS 128196 MH798901 MH798901 MH791335 MH791334
Liberomyces pistaciae ISPaVe2105 FR681904 –
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Taxon Strain1,2,3 ITS3 LSU3 tub23 rpb23

Liberomyces pistaciae ISPaVe2106 FR681905 –
Liberomyces pistaciae ISPaVe2148 MH798902 –
Liberomyces saliciphilus H041 FR715510 FR715496 FR715507
Liberomyces saliciphilus H077 FR715511 FR715497 FR715508
Liberomyces saliciphilus CCF 4020HT FR715515 FR715515
Lopadostoma turgidum CBS 133207ET KC774618 KC774618
Melanconis stilbostoma CBS 121894 JQ926229 JQ926229
Melogramma campylosporum CBS 141086 JF440978 JF440978
Microdochium lycopodinum CBS 122885HT JF440979 JF440979
Microdochium phragmitis CBS 285.71ET AJ279449 EU926218 KP859076 KP859122 
Nectria cinnabarina CBS 125165ET HM484548 HM484562
Neopestalotiopsis protearum CBS 114178HT LT853103 LT853251 LT853151
Pestalotiopsis knightiae CBS 114138HT KM199310 KM116227
Phlogicylindrium eucalyptorum CBS 111689 KF251205 KF251708
Phlogicylindrium uniforme CBS 131312HT JQ044426 JQ044445
Polyancora globosa CBS 118182HT DQ396469 DQ396466
Poronia punctata CBS 656.78 KT281904 KY610496
Pseudapiospora corni CBS 140736NT KT949907 KT949907
Pseudomassaria chondrospora CBS 125600 JF440981 JF440981
Pseudomassariella vexata CBS 129022ET JF440977 JF440977
Requienella fraxini CBS 140475HT KT949910 KT949910
Requienella seminuda CBS 140502ET KT949912 KT949912
Robillarda sessilis CBS 114312ET KR873256 KR873284
Sarcostroma restionis CBS 118154HT DQ278922 DQ278924
Seimatosporium cupressi CBS 224.55ET LT853083 LT853230 LT853131
Seimatosporium rosae CBS 139823ET KT198726 KT198727 LT853253 LT853153
Seiridium marginatum CBS 140403ET KT949914 KT949914
Seynesia erumpens SMH 1291 - AF279410
Strickeria kochii CBS 140411ET KT949918 KT949918
Truncatella angustata ICMP 7062 AF405306 AF382383
Vialaea insculpta DAOM 240257 JX139726 JX139726
Vialaea minutella BRIP 56959 KC181926 KC181924
Xylaria hypoxylon CBS 122620ET KY610407 KY610495
Zetiasplozna acaciae CBS 137994HT KJ869149 KJ869206

1 Abbreviations: ATCC: American Type Culture Collection, Manassas, VA, USA; BRIP: Queensland Plant 
Pathology Herbarium, Brisbane, Australia; CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CCF: Culture collection of the Dept. of Botany, Charles University, 
Prague, Czech Republic; CCTU: Culture Collection of Tabriz University, Iran; CPC: Culture collection of 
Pedro Crous, housed at CBS; H: Isolates from Pažoutová et al. (2012); DAOM: Canadian National Myco-
logical Herbarium, Ottawa, Canada; H: Isolates from Pažoutová et al. (2012); HKUCC: The University of 
Hong Kong Culture Collection, Hong Kong, China; ICMP: International Collection of Microorganisms 
from Plants, Auckland, New Zealand; ISPaVe: Culture collection of the Consiglio per la Ricerca in Agric-
oltura e l’Analisi dell’Economia Agraria, Roma, Italy (CREA-DC); MAFF: MAFF Genbank, National 
Institute of Agrobiological Sciences, Ibaraki, Japan; MFLUCC: Mae Fah Luang University Culture Col-
lection, Chiang Rai, Thailand; MR: Culture collection of Martina Réblová, Department of Taxonomy, In-
stitute of Botany of the Czech Academy of Sciences, Průhonice, Czech Republic; MUCL: BCCM/MUCL 
Agro-food & Environmental Fungal Collection, Louvain-la-Neuve, Belgium; SMH: Culture collection of 
Sabine Huhndorf, Field Museum of Natural History, Chicago, USA; UME: Herbarium of the Department 
of Ecology and Environmental Science, Umeå University, Umeå, Sweden.
2 ET Ex-epitype strain; HT Ex-holotype strain; IT Ex-isotype strain; NT Ex-neotype strain.
3 Isolates/sequences in bold were isolated/sequenced in the present study.
4 Sequence downloaded from NBRC (http://www.nbrc.nite.go.jp/).
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Figure 1. Symptoms caused by Liberomyces pistaciae on Pistacia vera in vivo. a Plant killed by canker on 
trunk b Twigs dieback c, d Shoots wilted on infected twig e Gum and cracking of the trunk f, g Internal 
tissue of trunk cankers h Gum exudation on branch i Internal dark discolouration in cross section of 
branch j Necrotic tissue in longitudinal section of twig k, l External and internal cankers on twigs.
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Figure 2. Symptoms reproduced from mycelial plug inoculation with Liberomyces pistaciae on 5-year-old pot-
ted plants of Pistacia vera. Stem symptoms after a, b 3 wks c 6 months d, e 12 months f, g Cankers on twigs.

discolouration and necrotic tissue were visible (Figs 2a, b). After 6 months, external 
cankers were observed in correspondence with the inoculated sites and small cracks 
were present in the sunken central area (Fig. 2c). After 12 months, symptoms were 
very obvious and similar to the cracked cankers observed in nature. Long and deep 
cracks were evident on the sunken area that defined the cankered lesion. After re-
moving the bark, it was evident that the pathogen was able to colonise the wood and 
long discolourations were present (Figs 2d, e). After 12 months from inoculation, 
the length of lesions ranged from 12 to 45 mm. For ISPaVe1958 and ISPaVe2105, 
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length lesions averaged 16.7 ± 3.0 and 31 ± 1.0 mm, respectively, while for IS-
PaVe2106 and ISPaVe2148, 18 ± 0.0 mm and 29.7 ± 2.0 mm. Controls measured 
4.0 ±1.0 mm in average. Cultures, morphologically identical with the new pistachio 
pathogen, were re-isolated from these cankers, fulfilling Koch’s postulates. Moreover, 
ITS sequence comparison of these re-isolated cultures confirmed the species identity.

Growth rates

The growth rate experiments revealed 30 °C as optimal temperature for both isolates 
with an evidently better growth of the holotype ISPaVe1958 at this temperature in 
comparison to ISPaVe2148 (Fig. 3).

Phylogenetic analyses

Of the 1340 nucleotide characters of the ITS-LSU matrix, 519 are parsimony in-
formative. The best ML tree (-lnL = 19486.775), revealed by RAxML, is shown as 
a phylogram in Fig. 4. Maximum parsimony analyses revealed 14 MP trees 4008 
steps long (not shown). The backbone of the MP trees differs in several deeper 
unsupported nodes from the ML tree (not shown); notably in the MP tree, the 
Liberomyces clade was not the most basal node of Xylariales, although without sup-
port (not shown).

In the ML and MP analyses of the ITS-LSU matrix (Fig. 4), the Xylariales received 
maximum support, but backbone support within Xylariales was low to absent. The 
new species clustered within the Liberomyces clade, which was sister to Delonicicola 
siamense (Delonicicolaceae, Xylariales). The Delonicicolaceae received high support 
(100% ML and 99% MP bootstrap support), but their closest relatives remained un-
clear due to lack of significant backbone support in all deeper nodes (Fig. 4). The 
sister-group relationship of L. saliciphilus and L. macrosporus received moderate sup-
port (81% ML and 89% MP bootstrap support).

Of the 1941 nucleotide characters of the ITS-rpb2-tub2 matrix, 743 are parsimony 
informative (201 from ITS, 343 from rpb2, 199 from tub2). The best ML tree (-lnL = 
12820.324), revealed by RAxML, is shown as a phylogram in Fig. 5. Maximum parsi-
mony analyses revealed 6 MP trees 2669 steps long, with a tree backbone identical to 
that of the ML tree (not shown).

The analyses of the ITS-rpb2-tub2 matrix (Fig. 5) revealed similar topologies to 
the analyses of the ITS-LSU matrix. The Xylariales and Delonicicolaceae received 
high support in ML and MP analyses. The new pistachio pathogen formed a geneti-
cally homogeneous clade with high to maximum support, confirming that all isolates 
sequenced belong to the same species. As in the ITS-LSU analyses, it was placed 
as sister to the highly supported Liberomyces saliciphilus-L. macrosporus clade with 
moderate support.
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Figure 3. Temperature-growth relationships of the holotype isolate ISPaVe1958 compared to the more 
recent isolate ISPaVe2148 of Liberomyces pistaciae on 1.5% MEA. Mean growth rates (mm) plus and mi-
nus the standard deviation, calculated on three replicates after 21 d of incubation, are shown.

Taxonomy

As a result of the morphological and molecular phylogenetic investigations, the unde-
scribed pistachio pathogen is described as a new species, Liberomyces pistaciae. In addi-
tion, for comparison, a morphological re-description and illustrations are also provided 
for the apparently similar, little known pistachio pathogen, Asteromella pistaciarum, 
based on type material and it is recognised as a synonym of Septoria pistaciarum.

Liberomyces pistaciae Voglmayr, S. Vitale, D. Aiello, Guarnaccia, Luongo & 
Belisario, sp. nov.
MycoBank: MB827682
Fig. 6

Diagnosis. Species with distinctly smaller conidia (3.2–5.0 × 1.0–2.0 µm) than 
in Liberomyces saliciphilus Pažoutová, M. Kolařík & Kubátová and L. macrosporus 
Pažoutová, M. Kolařík & Kubátová.

Type. ITALY. Sicily: Bronte (Catania province), on cankered twig of Pistacia 
vera, June 2010, A. Belisario (holotype: WU 39967; ex-type culture CBS 128196 = 
ISPaVe1958).

Etymology. Named after its host genus, Pistacia.
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Figure 4. Phylogram of the best ML tree (-lnL = 19486.775) revealed by RAxML from an analysis of 
the combined ITS-LSU matrix of selected Xylariales, showing the phylogenetic position of Liberomyces 
pistaciae (bold) within Delonicicolaceae. ML and MP bootstrap support above 50% are given above or 
below the branches.
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Figure 5. Phylogram of the best ML tree (-lnL = 12820.324) revealed by RAxML from an analysis of the 
combined ITS-rpb2-tub2 matrix of selected Xylariales, showing the phylogenetic position of Liberomyces 
pistaciae (bold) within Delonicicolaceae. The tree was rooted with two species of Diaporthales (Diaporthe li-
monicola, Juglanconis juglandina). ML and MP bootstrap support above 50% are given above the branches.
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Figure 6. Liberomyces pistaciae. a–d Cultures (a MEA, 6 weeks, 22 °C b CMD, 6 weeks, 22 °C c PDA, 
3 weeks, 25 °C d PDA, 2 weeks, 25 °C) e Pycnidia produced on artificially inoculated sterilised pistachio 
twigs f–h Pycnidia in face view on MEA i Pycnidial wall in face view j–n Conidiophores and conidiog-
enous cells o–q Conidiogenous cells (o young p, q showing sympodial conidiation) r Conidia. All in 
water. Sources: a–c, f–r ex-holotype strain ISPaVe1958 = CBS 128196 d, e PV1= CPC 31292. Scale 
bars: 500 µm (e, f); 200 µm (g, h); 10 µm (i–l); 5 µm (m–r).

Description. Conidiomata pycnidial, superficial or immersed, single to densely 
aggregated, subglobose or cupular, uni- or irregularly plurilocular, first hyaline to pale 
brown, turning dark brown to blackish, without ostiole, irregularly rupturing at the 
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apex and exuding a pale whitish conidial drop at maturity, (100–)170–260(–330) µm 
diam. (n=40). Pycnidial wall thin, of pale brown cells, (2.0–)3.5–6.3(–10.0) µm diam. 
(n=162) forming a textura angularis, outside darker, thicker-walled and more rounded, 
inside lined by a layer of angular hyaline cells giving rise to conidiophores. Conidi-
ophores short, densely fasciculate, up to three times branched, hyaline, smooth, arising 
from the inner wall of the entire conidioma, 10–28 µm long. Conidiogenous cells holo-
blastic with sympodial proliferation, lageniform to cylindrical, (5.5–)6.5–8.5(–10.0) 
× 1.7–2.5(–2.7) µm (n=52), in dense intercalary or terminal whorls of 2–9. Conidia 
straight to allantoid, hyaline, smooth, 1-celled, (3.2–)3.8–4.5(–5.0) × (1.0–)1.2–1.5(–
2.0) µm, l/w = (2.0–)2.7–3.5(–4.7) µm (n=182).

Culture characteristics. Colonies slow-growing (about 4 cm in diam. in 1 month 
on MEA, 4 cm in 2 weeks on CMD at 22 °C), initially white, turning pale to dark 
brown with age, with a whitish slightly lobed margin (Fig. 6a and b), surface mycelium 
sparse. Red to brown pigments diffusing in growth medium. Densely aggregated pyc-
nidia formed after 7 d on the inoculum plug, successively also on the colony surface.

Notes. Morphologically, Liberomyces pistaciae is similar to the other two species 
of the genus, L. macrosporus and L. saliciphilus, but the latter have distinctly longer 
conidia (5–7.5 µm in L. saliciphilus, 8–13 µm in L. macrosporus).

Septoria pistaciarum Caracc., Boll. Stud. Inform. R. Giard Colon Palermo 13: 10 
[extr.] (1934).
Fig. 7

Asteromella pistaciarum Bremer & Petr., Sydowia 1(4–6): 253 (1947). For additional 
synonymy and a description of the Septoria morph, see Crous et al. (2013). Syn.

Type of Asteromella pistaciarum. TURKEY. Ankara, on leaves of Pistacia vera, 29 
Oct. 1944, H. Bremer (lectotype of Asteromella pistaciarum designated here: W 1973-
15537, MBT383208; isotype: W 1979-11134).

Description of the asteromella-like spermatial morph. Infection localised, pro-
ducing distinct, brown, irregularly polyangular lesions of 0.5–1.5 mm diam., suc-
cessively confluent, sharply delimited by leaf veins, visible on both sides of the leaf. 
Pycnidia (57–)69–101(–106) µm wide, (99–)107–134(–143) µm high (n=12), sub-
epidermal, gregarious, solitary or in small groups, ellipsoid to pyriform, dark brown 
to black, with a central, circular, well-visible apical ostiole; peridium 8–19 µm wide, 
pseudoparenchymatous, of dark brown cells (3.0–)3.8–7.0(–10.3) µm diam. (n=50). 
Inner side lined with hyaline cells giving rise to phialides and short conidiophores. 
Conidiophores 1–3-celled, cells more or less square-shaped, bearing intercalary and ter-
minal phialides. Conidiogenous cells enteroblastic, phialidic, hyaline, (3.7–)5.0–8.5(–
10.5) × (2.5–)3.0–4.0(–4.7) µm (n=30), ampulliform to broadly lageniform, straight 
or curved. Conidia (3.4–)4.3–5.4(–6.6) × (0.9–)1.0–1.3(–1.5) µm, l/w = (2.8–)3.5–
4.8(–6.1) (n=67), oblong, 1-celled, hyaline, with 1–2 subterminal guttules.
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Notes. The classification and description of the lectotype of Asteromella pistaciar-
um is here added as it is morphologically similar to Liberomyces pistaciae and the latter 
had therefore initially been misidentified as the former (see e.g. Pažoutová et al. 2012, 
who included a sequence of Liberomyces pistaciae as Asteromella pistaciarum in their 
phylogenies). In addition, Asteromella pistaciarum has not been addressed in previous 
taxonomic accounts. Two isotype specimens are located in the Natural History Mu-
seum of Vienna (W) from which W 1973-15537 is here selected as the lectotype based 
on preservation and abundance of the specimens. In the original description, Bremer 
and Petrak (1947) reported a close association of Asteromella pistaciarum with Septoria 
pistaciarum and an immature mycosphaerella-like sexual morph, which they consider 
to represent the same species. We agree with this treatment and consider Asteromella 
pistaciarum to be the spermatial morph of Septoria pistaciarum, the former therefore 
becoming a synonym of the latter based on priority.

Figure 7. Asteromella pistaciarum W 1973-15537 (lectotype). a, b Pycnidia in leaf in face view c–e 
Pycnidia embedded in leaf in vertical section f Pycnidial wall with phialides and conidia in vertical section 
g Pycnidial wall in tangential section h–l Conidiophores and conidiogenous cells m Conidia. Scale bars: 
10 mm (a); 100 µm (b); 20 µm (c–e); 10 µm (f–l); 5 µm (m).
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Discussion

This study represents the first work determining the causal agent of cankers and de-
cline of pistachio trees in Sicily, the major production area of Italy. In the field, severe 
symptoms of canker were observed on branches, shoots and trunks. In some cases, 
decline and death of host plants also occurred. The fungus almost exclusively iso-
lated from these symptoms was Liberomyces pistaciae and the decline syndrome was 
strictly reproduced by artificial inoculation experiments. Seventy-one isolates recov-
ered from different orchards over a 7-yr period were identified by molecular analysis. 
The molecular phylogenetic analyses (Figs 4, 5) clearly demonstrate that the genus 
Liberomyces is affiliated with the Xylariales, which confirms the results of previous 
analyses (Pažoutová et al. 2012, Perera et al. 2017). In both of our analyses, the genus 
Liberomyces is a sister group to Delonicicola siamense with moderate to high support, 
for which Perera et al. (2017) established a new family and order, Delonicicolaceae 
and Delonicicolales. However, if the order Delonicicolales is accepted, the Xylariales 
are unsupported in Perera et al. (2017) as well as in our phylogenetic analyses of the 
ITS-LSU matrix (Fig.  4). In the order Xylariales, insufficient backbone resolution 
and support of phylogenies based on ITS-LSU rDNA has been commonly observed 
(e.g. Jaklitsch and Voglmayr 2012, Jaklitsch et al. 2016), which often significantly 
increases if protein-coding genes like rpb2 and tub2 are considered (e.g. Voglmayr et 
al. 2018, Wendt et al. 2018). However, for most lineages of Xylariales, only ITS-LSU 
rDNA data are currently available. Remarkably, also in the phylogenetic analyses of 
Perera et al. (2017), which were inferred from a combined SSU, ITS, LSU and rpb2 
matrix, internal support of Xylariales is absent if Delonicicolales are classified as a 
separate order. This fact may be due to lack of rpb2 sequence data for many lineages 
within Xylariales. Therefore, we consider the establishment of a separate order Delo-
nicicolales premature and presently we propose the classification of Delonicicolaceae 
within Xylariales in which this family also fits morphologically, given its conidiomatal 
morphology and conidiogenesis.

Due to the pycnidial conidiomata and conidia of similar sizes, the current pista-
chio pathogen, here described as Liberomyces pistaciae, was initially identified as Astero-
mella pistaciarum, the true identity of which was unclear at that time. No sequence 
data are available for authentic material of the latter. However, a re-investigation of the 
type specimen of A. pistaciarum revealed substantial differences between both species, 
providing a clear distinction between the two organisms. While the type of A. pistaci-
arum has short reduced conidiophores with intercalary and terminal ampulliform phi-
alides (Fig. 7h–l), L. pistaciae has densely fasciculate conidiophores with verticillately 
arranged holoblastic, lageniform to cylindrical conidiogenous cells with sympodial co-
nidial proliferation (Fig. 6j–q). In addition, the type of A. pistaciarum has distinctly 
more elongate conidia with a l/w of (2.8–)3.5–4.8(–6.1), compared to (2.0–) 2.7–
3.5(–4.7) in L. pistaciae. Moreover, the disease symptoms are markedly different. The 
type collection of A. pistaciarum represents a foliar pathogen causing clearly delimited 
polyangular leaf lesions with gregarious subepidermal pycnidia on both sides of the leaf 
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(Fig. 7a), whereas L. pistaciae causes a canker disease of stems and branches. Although 
no recent collections, sequence data or cultures are available for A. pistaciarum, its 
close association with Septoria pistaciarum and an immature mycosphaerella-like sexual 
morph on the holotype specimen, which was already noted in the original description 
(Bremer and Petrak 1947), provides strong evidence that A. pistaciarum represents the 
spermatial morph of Septoria pistaciarum and it is therefore here considered to be a 
synonym of the latter.

There are many fungal genera which can act as plant pathogens, but may behave 
also as latent pathogens, while closely related species are symptomless endophytes 
(Carroll 1988). This is apparently also the case in the pathogen Liberomyces pistaciae, 
which might have a latent phase within the host tissues since it was also isolated from 
asymptomatic pistachio plants. A latent phase represents a specific condition where the 
fungus can either develop symptoms or induce changes in the physiology of the host 
plant (Romero et al. 2001, Crous et al. 2015, 2016). Furthermore, Millar (1980) and 
Andrews et al. (1985) observed that certain latent pathogens become pathogenic when 
the host is stressed and this may be the case in L. pistaciae on pistachio trees in Bronte. 
In this regard, the ecology of its closest relatives, L. macrosporus and L. saliciphilus, is of 
interest, as they were isolated as bark and wood endophytes from several woody hosts 
(Pažoutová et al. 2012), indicating that the primary ecology of the genus Liberomyces 
may be endophytic, from which the pathogenic L. pistaciae may have evolved. How-
ever, detailed studies are necessary to evaluate the influence of stress on pathogenicity 
of L. pistaciae.

On the basis of the high disease incidence and the frequency of this species ob-
served in several orchards in the last years, we believe that L. pistaciae represents a 
menace to pistachio production in Sicily. As no epidemiological data are yet available, 
it is not possible to suggest any control strategies to avoid L. pistaciae infections. Never-
theless, the use and distribution of infected propagation material taken from nurseries 
and mechanical injuries or pruning wounds could play an important role in promoting 
the infections. The recent increase in importance of this and other diseases of pistachio 
in Sicily has stimulated further research and studies are in progress to extend the sur-
vey to other areas and to obtain important information to formulate effective disease 
management strategies.
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Abstract
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Introduction

Agaricus L. 1753 (Agaricaceae, Agaricales) is a well-known genus. Many species in this 
genus are commercially cultivated and served as food. One of the popular edible mush-
rooms is A. bisporus (J.E. Lange) Imbach, which is the most extensively cultivated mush-
room in the world, accounting for 38% of world production (ISMS Edible mushrooms 
2017, http://www.isms.biz/edible-mushrooms/). Another popular edible mushroom, 
A. subrufescens Peck, is also a medicinal mushroom and contains abundant bioactive 
compounds, for example, some compounds extracted from the basidiomes can be used 
as antioxidant (De Silva et al. 2012, 2013a, b, Llarena-Hernández et al. 2017). In the 
field, Agaricus is easily recognised by its white or brown caps with fibrillose scales on the 
surface, free lamellae, brown spore print and annulate stipe. Under the microscope, it 
is characterised by brown basidiospores, single or multiseptate cheilocystidia and often 
lacks pleurocystidia. Habitats of Agaricus are various, the most common being forests 
and grasslands, such as A. campestris L. of section Agaricus, which can be found gregari-
ously in small groups or in fairy rings in grasslands. Agaricus also exists in arid habitats, 
for example, A. colpeteorum T. Lebel and A. lamelliperditus T. Lebel & M.D. Barrett of 
section Minores, which were discovered in arid zones of Australia (Lebel 2013).

The taxonomic, systematic and species delimitation of Agaricus inferred by mor-
phology are variable (Cappelli 1984, Singer 1986). In the 1990s, the application of 
molecular techniques brought new perspectives to fungal taxonomic research includ-
ing the genus Agaricus (White et al. 1990). Using phylogenetic analyses, the taxonomy 
of Agaricus is becoming more and more stable. Zhao et al. (2011) used ITS sequence 
data from Agaricus specimens from temperate and tropical areas to build a phylogenet-
ic topology for the genus, which revealed eleven new clades and indicated phylogenetic 
relationships between temperate and tropical species. Zhao et al. (2016) carried out 
multi-gene phylogenetic and evolutionary molecular clock analyses. In that study, Aga-
ricus was segregated into five subgenera and 20 sections, according to the phylogenetic 
position and divergence time of each clade. With the recent discovery of an American 
subgenus and a new clade found in the Caribbean area, Agaricus now contains six sub-
genera and 23 sections (Zhao et al. 2016, Chen et al. 2017, Parra et al. 2018).

In this study three interesting specimens found near Chiang Mai, Thailand were 
analysed morphologically and molecularly. We provide a full description and analyses 
are presented to support the distinction of this material as a new species and section in 
subgenus Pseudochitonia.

Materials and methods

Morphological examination

Photographs were taken immediately in situ, in the field in Thailand. Basidiomes were 
wrapped in aluminium foil or kept in plastic boxes separately. Macro morphological 
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characteristics were recorded when specimens were fresh. Every specimen was com-
pletely dried in an electrical food drier at 60 °C, then kept in a plastic ziplock bag and 
deposited in Herbarium Mycologicum Academiae Sinicae (HMAS), Mae Fah Luang 
University Herbarium (MFLU), Biotec Bandkok Herbarium (BBH) and the Thiers 
Herbarium at San Francisco State University (SFSU). Colour terms and notations in 
parentheses are those of Kornerup and Wanscher (1978). Anatomical and cytological 
characteristics including basidiospores, basidia, cystidia and pileipellis were observed 
using an Olympus CX31 microscope. Scanning electron microscope (SEM) photos for 
basidiospores were captured through a Hitachi SU8010 Field Emission SEM (Tokyo, 
Japan). Measurements were analysed and recorded as X = the mean of length by width 
± SD, Q = the quotient of basidiospore length to width and Qm = the mean of Q val-
ues ± SD. All the protocols of morphological studies followed Largent’s methodology 
(Largent 1986).

DNA extraction and PCR

At the Institute of Microbiology Chinese Academy of Science, genomic DNA was 
extracted from dry specimens by using an E.Z.N.A. Forensic DNA Extraction Kit 
(D3591-01, Omega Bio-Tek) following the manufacturer’s protocol. PCR amplifica-
tion was performed following He et al. (2017). Primers for the internal transcribed 
spacer (ITS), large ribosomal subunit (LSU) and translation elongation factor (tef1-α) 
were ITS4/ITS5, LR5/LROR and 983f/1567r, respectively (White et al. 1990, Mon-
calvo et al. 2000, 2002, Morehouse et al. 2003). PCR products were sent to a commer-
cial company for sequencing and both directions were sequenced to ensure accuracy. 
At the Botanic Garden Meise (BR), genomic DNA was extracted from dry specimens 
using a CTAB isolation procedure adapted from Doyle (1990). Ca. 10 mg of tissue 
was ground with a Retsch 300 beadmill. ß-mercaptoethanol (0.2%) was added to the 
CTAB lysis buffer just prior to extraction; samples were lysed for 1 hour at 60 °C; 
proteins and polysaccharides were removed by two consecutive extractions with chlo-
roform: isoamylalcohol (24:1), after which DNA was precipitated by the addition of 
0.8 volume isopropanol to the aqueous phase. The pellet was washed once in 600 µl 
70% ethanol, air-dried and suspended in 100 µl TE pH 8.0. RNA was then digested 
with RNase A. For PCR amplification of the ITS1-5.8S-ITS2 region of rDNA, ITS1-F 
(Gardes and Bruns 1993) and ITS4 (White et al. 1990) primers were used. Amplifica-
tions were performed in 20 µl reactions containing 2 µl 10× polymerase buffer, 0.2 µM 
of each dNTP, 200 µg µl-1 bovine serum albumin (BSA), 0.25 µM of forward and re-
verse primers and 0.5 U Taq polymerase (DreamTaq, Thermo Scientific, St. Leon-Rot, 
Germany). Cycling was carried out using the following programme: 3 min at 94 °C; 
35 cycles of 30 s at 94 °C, 30 s at 52 °C, 60 s at 72 °C; 5 min at 72 °C. PCR products 
were purified by adding 1 U of Exonuclease I and 0.5 U FastAP Alkaline Phosphatase 
(Thermo Scientific, St. Leon-Rot, Germany) and incubated at 37 °C for 1 h, followed 
by inactivation at 80 °C for 15 min. Sequencing was performed by Macrogen Inc. (The 
Netherlands) with PCR primers.
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Table 1. Taxa information used in the phylogenetic analyses, new taxa are in bold, “T” refers to type.

Species Name Collection 
Number LSU ITS tef1-α Origin

Agaricus abruptibulbus ZRL2012005 KT951460 KT951356 KT951626 Yunnan, China
A. albosquamosus T LD2012192 KT951520 KT951394 KT951636 Thailand
A. amoenus T ZRL2010072 KT951524 KT951348 KT951638 Yunnan, China
A. angusticystidiatus BC088 – MG888054 – Thailand
A. angusticystidiatus ZRL2085 MG835413 KT951434 – Thailand
A. angusticystidiatus T ZRL2043 MG835412 JF691553 – Thailand
A. atrodiscus LD2012185 KT951473 KT284912 KT951653 Thailand
A. benesii LAPAG283 – JF797179 – Burgos, Spain
A. bernardiformis CA433 KT951467 KT951321 KT951577 –
A. biannulatus LAPAG611 – JF896229 – Sardinia, Italy
A. biberi LAPAG687 KR006614 KM657919 KR006642 Hungary 
A. bingensis ADK1992 – KJ540954 – Atakora, Benin
A. bisporiticus LD2012111 KT951507 KJ575611 KT951650 Thailand
A. bisporiticus MCR25 – KJ575608 – Pakistan
A. bisporus LAPAG446 KR006611 KM657920 KR006640 Burgos, Spain
A. bitorquis CA427 KT951491 KT951320 KT951646
A. bitorquis WZR2012827 KT951492 KM657916 KT951647 Xingjiang, China
A. bohusii LAPAG562 KR006613 KM657928 KR006641 Madrid, Spain
A. boisseletii CA123 – DQ182531 – –

A. brunneopictus ADK2564 – JF514518 – Plateau Atlantique, 
Bénin

A. brunneopileatus T ZRL2012115 KT951489 KT951404 KT951587 Yunnan, China
A. brunneosquamulosus LD2012105 – KJ540968 – Thailand
A. brunneosquamulosus ZRL4017 – JF691549 – Thailand
A. caballeroi AH44503 – KJ575605 – Spain
A. campestris LAPAG370 KR006607 KM657927 KR006636 Madrid, Spain 
A. campestroides LAPAF2 – JF727842 – Plateaux, Togo
A. candidolutescens T LD2012129 KT951525 KT951335 KT951616 Thailand
A. cf. bernardi CA383 KT951469 KT951319 KT951576
A. cf. goossensiae ADK2171 – JF514517 – Borgou, Benin 
A. chiangmaiensis NTS113 – JF514531 – Thailand
A. comtulus LAPAG724 KT951448 KT951332 KT951593 Burgos, Spain
A. crassisquamosus T ZRL2012607 KT951510 KT951376 KT951645 Tibet, China 
A. cupressicola LAPAG889 KT951465 KT951334 KT951649 Roma, Italy
A. desjardinii WZR2012907 KT951474 KM657901 KT951644 Xinjiang, China 
A. dilutibrunneus T ZRL2012010 KT951512 KT951358 KT951569 Yunnan, China 
A. dolichopus ZRL2012715 KT951502 KT951382 KT951573 Tibet, China 
A. dolichopus ZRL2014120 – KT951433 – –
A. duplocingulatus ZRL3064 – KJ540966 – Thailand
A. erectosquamosus T LD2012165 KT951509 KT951338 KT951565 Thailand
A. erythrosarx MURU6080 – JF495068 – –
A. freirei CA186 – DQ185553 – –
A. fuscofibrillosus WC913 – AY484684 – –
A. fuscopunctatus LD2012115 – KJ575612 – Thailand 
A. fuscovelatus RWK2100 –  KJ577973 – –
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Species Name Collection 
Number LSU ITS tef1-α Origin

A. gennadii CA339 – KT951318 KT951575 –
A. grandiomyces T ZRL2012611 KR006624 KM657879 KR006652 Tibet, China 
A. gratolens ZRL3093 KT951488 JF691548 – Thailand
A. haematinus ZRL2109 – KT951435 – Thailand
A. haematinus ZRL2136 – JF691552 – Thailand
A. hondensis RWK1938 – DQ182513 – USA 
A. huijsmanii LAPAG639 KT951444 KF447889 KT951571 Navarra, Spain
A. kunmingensis ZRL2012015 KT951506 KT951361 KT951642 Yunnan, China
A. kunmingensis ZRL2012007 – KT951427 – Yunnan, China
A. lamellidistans T ZRL3099 – JF691556 – Thailand
A. laskibarii LAPAG115 – AY943975 – Landes, France
A. leucocarpus T LD2012159 KX083981 KU975101 KX198048 Thailand
A. leucolepidotus T LD201214 KT951519 KT951336 KT951635 Thailand
A. linzhiensis T ZRL2012618 KT951503 KT951378 KT951582 Tibet, China
A. litoralis LAPAG420 KT951483 KT951327 KT951572 Burgos, Spain
A. litoraloides ZRL2011249 KT951523 KT951353 KT951580 Yunnan, China
A. magnivelaris F2389 – JF727851 – –
A. martinicensis F2815 KX084032 JF727855 KX198038 MartiniqueFrance
A. megacystidiatus LD2012179 – KF305946 – Thailand
A. microvolvatulus LD201271 KT951508 KJ575614 KT951651 Thailand
A. murinocephalus ZRL3044 – JF691555 – Thailand
A. nevoi LAPAG257 KR006606 KM657922 KR006635 Burgos, Spain
A. nevoi LAPAG535 – KT951330 KT951574 Teruel, Spain
A. nigrobrunnescens DEH632 – JX308267 – Hawaii, USA
A. nigrogracilis T ZRL2012014 KR006621 KM657882 KR006647 Yunnan, China 
A. niveogranulatus LD201124 – KJ540959 – Thailand
A. padanus WZR2012903 KR006616 KM657903 KR006644 Xingjiang, China
A. pallidobrunneus T ZRL2012358 KT951471 KT951370 KT951566 Yunnan, China 
A. parvitigrinus CA158 – AY899267 – –
A. pattersoniae RWK1415 – AY943974 – –
A. phaeolepidotus CA217 – DQ185552 – –
A. pilosporus LAPAG227 – KT951425 – Burgos, Spain 
A. pseudolangei ZRL3012 – JF691551 – Thailand

A. rufoaurantiacus LAPAM15 KX671708 KT951313 KT951641 Dominican 
Republic

A. silvaticus ALG07 213 KT951307 KT951567 Algonquin, ON, 
Canada

A. sinodeliciosus WZR2012822 KT951518 KM657907 KT951648 Xingjiang, China
A. sordidocarpus LD201237 – KJ540946 – Thailand
A. subrufescens ZRL2012722 KT951451 KT951383 KT951632 Yunnan, China 

A. subsaharianus ADK4732 – JF440300 – Ouagadougou, 
Burkina Faso

A. sylvaticus LAPAG382 KR006608 KM657929 KR006637 Burgos, Spain
A. sylvaticus ZRL2012013 KT951500 KT951360 KT951570 Thailand
A. sylvaticus ZRL2012568 KT951501 KT951371 KT951568 Tibet, China
A. tibetensis ZRL2012585 KR006633 KM657895 KR006658 Tibet, China
A. tollocanensis CA235 – AY703913 – –
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Species Name Collection 
Number LSU ITS tef1-α Origin

A. toluenolens CA911 – KJ540947 – –
A. trisulphuratus 
complex LAPAF7 KR006605 KM657924 KR006634 Plateaux, Togo

A. trisulphuratus 
complex Swk079 KT951472 KT951343 KT951561 Lanjak-Entimau, 

Malaysia 
A. trisulphuratus 
complex ZRL2014023 – KT951428 – China

A. trisulphuratus 
complex ZRL2014024 – KT951429 – China

A. trisulphuratus 
complex ZRL2014030 – KT951432 – China

A. trisulphuratus 
complex ZRL2132 – JF691558 – Thailand

A. tytthocarpus ZRLWXH3077 KR006618 KM657889 KR006645 Fujian, China
A. variabilicolor ZRL4002 – KT951438 – Thailand
A. variabilicolor ZRL4007 – KT951439 – Thailand
A. variabilicolor ZRL4012 – KT951440 – Thailand
A. variicystis LD201228 – KT951426 – Thailand
A. variicystis T LD201234 KT951517 KT951339 KT951562 Thailand
A. xanthodermulus CA160 – AY899273 – –
A. xanthodermus CA15 – AY899271 – –
A. xanthodermus LAPAG387 KR006609 KM657923 KR006638 Soria, Spain
A. xanthosarcus Goossens5415 – JF514523 – –
A. sp. CA486 – JF797189 – –
A. sp. CA820 – JF727861 – –
A. sp. LD2012162 KT951493 KT951337 KT951563 Thailand
A. sp. NT020 – JF797197 – Thailand 

A. sp. Swk014 KT951482 KT951342 KT951654 Lanjak-Entimau, 
Malaysia 

A. sp. ZRL133 KT951505 KT951344 KT951656 Thailand
A. sp. ZRL2010010 KT951511 KT951347 KT951639 Thailand 
A. sp. ZRL2010099 KT951479 KT951349 KT951564 Yunnan, China
A. sp. ZRL2012267 KT951504 KT951368 KT951655 Yunnan, China
A. sp. ZRL2012629 KR006627 KM657890 KR006656 Tibet, China
A. sp. ZRLWXH3078 KT951464 KT951464 KT951643 Fujian, China
A. sp. ZRLWXH3161 KT951526 KT951391 KT951615 Guangdong, China
A. sp. ZRLWXH3140 – KT951441 – Guangdong, China
Heinemannomyces sp. ZRL185 KT951527 KT951346 KT951657 Thailand 

Sequence alignment, phylogenetic analyses and divergence time estimation

A total of 119 specimens representing 87 species were incorporated in phyloge-
netic analyses. Three new sequences representing A. angusticystidiatus were gener-
ated from this study. They are one ITS sequence from specimen BC088 and two 
LSU sequences from ZRL2085 and ZRL2043 separately. Details of all sequences 
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are listed in Table 1. Sequences were checked in BioEdit V.7.0.4 first (Hall 2007). 
Alignments were made by Muscle (Edgar 2004) for each region separately, then 
adjusted by hand and ambiguous regions removed. Alignments were submitted to 
TreeBase (Submission ID: 22231). Two data matrices were made for different analy-
ses. The first one is an ITS sequence dataset which contains 84 specimens, all be-
longing to subgenus Pseudochitonia and an outgroup A. campestris. This dataset was 
used for Bayesian and Maximum Likelihood analyses. Phylogenetic trees generated 
by Bayesian Inference (BI) analysis were performed in MrBayes 3.1.2. (Ronquist 
and Huelsenbeck 2003). Best model is GTR + I + G which was indicated by Mr-
Modeltest 2.2 (Nylander 2004). Ten million generations were run for six Markov 
chains and sampled every 100th generation resulting in 100,000 trees. Burn-in was 
determined in Tracer v1.6 with effective sample sizes (ESS) higher than 200 (http://
tree.bio.ed.ac.uk/software/tracer). Remaining trees were used to calculate Bayesian 
posterior probabilities (PP). Maximum Likelihood (ML) analysis and bootstrap val-
ues calculation were performed in raxmlGUI 1.5b1 using GTRGAMMA model 
with 1000 replicates (Silvestro and Michalak 2012). The second dataset included 
63 ITS, 61 LSU and 59 tef1-α gene sequences from specimens representing the six 
subgenera of Agaricus. The second multi-gene dataset was used for divergence time 
estimation. Model selections were performed in jModel Test v. 2 (Darriba et al. 
2012) for each gene separately. An XML file was generated in BEAUTI v. 1.8. Priors 
were set according to the previous fossil-calibrated analysis of Zhao et al. (2016). An 
independent Monte Carlo Markov Chain of 50 million generations was run and log 
states every 5,000 generations by BEAST v1.8 (Drummond et al. 2012). The log file 
was checked in Tracer v. 1.6 (Rambaut et al. 2014) to ensure ESS (Effective Sample 
Sizes) value higher than 200. An ultrametric maximum-clade-credibility (MCC) 
tree was summarised using TreeAnnotator 1.8, discarding 10% of states as burn-in 
and annotating clades with ≥ 0.8 posterior probability.

Results

The Bayesian tree from ITS sequences is shown in Figure 1. A total of 84 sequences 
are represented from 12 sections of subg. Pseudochitonia and A. campestris was used 
as outgroup. All sections are well supported both by posterior probabilities (PP) and 
bootstrap (BS). Phylogenetic trees generated from Bayesian and ML analyses showed 
identical topologies and are also almost identical with those of Zhao et al. (2016) with 
the exception of A. dilutibrunneus R.L. Zhao, which clustered with two unknown 
specimens (A. sp./CA486 and A. cf. goossensiae/ADK2171) and formed a monophyl-
etic clade in our analyses, isolated from all other species in the previous study (Zhao et 
al. 2016). Our three specimens (ZRL2043, ZRL2085 and BC088) formed a monophy-
letic clade in subg. Pseudochitonia which is fully supported both in PP and BS values 
and located at an isolated position (Fig.1).
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Figure 1. Phylogenetic tree of Agaricus subgenus Pseudochitonia generated from Bayesian analysis of ITS 
sequences, rooted with A. campestris. Bayesian posterior probability (PP) values ≥ 0.9 or Bootstrap support 
(BS) values ≥ 50% are indicated at the internodes (PP/BS). The branches in bold mean the related PP > 
0.95, “T” refers to sequences from type specimen.

The multi-gene MCC tree is shown in Figure 2. It was conducted based on the 
dataset of multi-gene sequences. A total of 63 specimens were included, comprising 
43 specimens used in ITS analysis, 19 specimens from five subgenera and an outgroup 
Heinemannomyces sp. All subgenera and sections are well-supported statistically. Aga-
ricus diverged at the stem age 66 Ma (million years ago), all subgenera diverged be-
tween 29.2–33.9 Ma and sections diverged between 20–26.9 Ma. Our three specimens 
formed a new monophyletic clade in subg. Pseudochitonia with strong PP support and 
this clade diverged at 26.7 Ma.
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Figure 2. Maximium Clade Credibility tree of genus Agaricus based on ITS, LSU and tef1-α gene se-
quences with the outgroup Heinemannomyces sp. Posterior probability values equal or above 0.9 are an-
notated at the internodes. The 95% highest posterior density of divergence time estimation are marked 
by horizontal bars.

Taxonomy

Agaricus (Pseudochitonia) section Cymbiformes M.Q. He & R.L. Zhao, sect. nov.
Mycobank Number: MB824147
Faceoffungi Number: FoF04104

Type species. Agaricus angusticystidiatus M.Q. He, Desjardin., K.D. Hyde & R.L. Zhao
Etymology. In reference to the cymbiform basidiospores.
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Original description. KOH reaction negative, Schäffer’s reaction negative on dry 
specimens. No discolouration on touching, but discolouration reddish-brown on cut-
ting. Annulus membranous. Smell strong iodoform. Basidiospores cymbiform and 
cheilocystidia narrow with variable shapes.

Agaricus angusticystidiatus M.Q. He, Desjardin, K.D. Hyde & R.L. Zhao, sp. nov. 
Mycobank Number: MB825177
Faceoffungi Number: FoF04105
Figure 3

Etymology. refers to the narrow clavate cheilocystidia.
Type. Thailand, Chiang Mai Province, Mae Taeng, Baan Mae Sae village, on Hwy 

1095 near 50 km marker, 19°14.599'N, 98°39.456'E, alt. 960 m. In rain forest domi-
nated by Castanopsis armata, Castanopsis sp., Pinus sp., Lithocarpus sp., 26 June 2005, 
collected by Jennifer Kerekes. Holotype: ZRL2043 (HMAS279593); Isotype:  and 
SFSUZRL2043,

Original description. Pileus 40–80 mm diam., plano-convex, applanate, broad-
ly umbonate; surface concentric squamulose with small skull-cup at disc, appressed, 
slightly fissured, light brown (6D8), brown (7E3), greyish-brown (5D5), dark brown 
(6D6) against the grey (8E3) background. Context 4–5 mm thick at disc, fragile, 
white to grey (8E3) in age. Lamellae free, crowded, lamellulae with 3–4 lengths, 3–4 
mm broad, normal to slightly ventricose, brown (7E5) to dark brown (7F7-8), edge 
colour similar to the gill itself. Stipe 55–100 × 5–8 (base 8–15) mm, cylindrical bul-
bous, with rhizomorphs in most cases, hollow, surface glabrous to silky, white to dark 
brown (6D6). Annulus pendent or percurrent; single; upper side membranous, white; 
lower side surface powdery, light yellow (4B2) grain-like dots in circulate; superior, 
persistent, edge entire, up to 5 mm broad. Smell of iodoform. No colour change on 
touching; light dull red, greyish brown (7D4) on cutting.

KOH reaction: negative. Schäffer’s reaction: negative on dry specimens.
Basidiospores 5–6.5 × 3–4 (–4.5) µm [X = 5.6 ± 0.5 × 3.8 ± 0.4, Q = 1.1–2.2, Qm 

= 1.52 ± 0.7, n = 20], cymbiform, some endosporium, no germ pore, brown. Basidia 
10–15 × 5.5–7 µm, clavate, hyaline, smooth, 4-spored. Pleurocystidia absent. Cheilo-
cystidia 20–30 (–45) × 5–8 µm, occasionally one septum, narrowly clavate to clavate, 
some with elongated top, rarely subcapitate, hyaline, smooth. Pileipellis cutis consist-
ing of 3–5 µm diam. hyphae, hyaline, smooth, non-constricted at septa. Annulus hy-
phae same as pileipellis.

Habit. Gregarious on soil in rain forest which is mainly dominated by Castanopsis 
armata, Castanopsis sp., Pinus sp., Lithocarpus sp.

Distribution. Thailand, Chiang Mai Province (type distribution).
Other materials examined. Thailand, Chiang Mai Province, Mae Taeng, Ban Mae 

Sae Village, on Hwy 1095 near 50 km marker, 19°14.599'N, 98°39.456'E, elev. ca. 960 
m, 3 July 2004, collected by Thitiya Boonpratuang, ZRL2085 (HMAS279594,  and 
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Figure 3. Morphology of Agaricus angusticystidiatus A, B basidiomes C, D basidiospores E basidia and 
cheilocystidia.

SFSUZRL2085); Thailand, Chiang Mai Province, Mae Taeng, Mushrooms research 
center, 30 July 2014, collected by Boontiya Chuankid, BC088 (MFLU 14-0903).

Notes. This new species is morphologically distinguished from other Agaricus spe-
cies by its strong iodoform smell, context reddish-brown discolouration on cutting, 
cymbiform basidiospores and narrow cheilocystidia with variable shapes. Phylogenetic 
analyses confirmed it is a member of the subgenus Pseudochitonia with an isolated 
phylogenetic position in Agaricus. This new species is similar to A. iodolens Heinem. 
& Gooss.-Font. of section Xanthodermatei, because both have relatively slender ba-
sidiomes and odour of iodine (Naritsada et al. 2014). However, this new species has 
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cymbiform basidiospores and a bulbous stipe, while those of A. iodolens are ellipsoid 
and an equal stipe (Zoberi 1972). Agaricus lamellidistans R.L. Zhao and A. variicystis 
L.J. Chen, K. D. Hyde & R. L. Zhao of section Crassispori resemble this new species, 
because all have greyish-brown pilei and cymbiform basidiospores. These species lack 
discolouration on cutting, while those of A. angusticystidiatus have dull red discoloura-
tion on cutting (Zhao et al. 2016).

Discussion

Based on phylogenetic and morphological studies, we propose A. angusticystidiatus as 
a new species in subgenus Pseudochitonia. Furthermore, the dating analysis, based on 
multi-gene sequences, indicated that A. angusticystidiatus diverged at 26.7 Ma which is 
slightly older than other sections in Agaricus (18–26 Ma, in Zhao et al. 2016). There-
fore, a new section Cymbiformes is proposed, which presently only contains species A. 
angusticystidiatus. Thus up to now, there are six subgenera and 24 sections in the genus 
Agaricus (Zhao et al. 2016; Chen et al. 2017; Parra et al. 2018).

Zhao et al. 2016 had conducted a reconstruction of the taxonomic system of Aga-
ricus. In that study, they used the following criteria to recognise subgenera and sec-
tions: “(i) they must be monophyletic and statistically well-supported in the multi-
gene analyses; (ii) their respective stem ages should be roughly equivalent and subgen-
era stem ages must be older than section stem ages; and (iii) they should be identifiable 
phenotypically, whenever possible” (Zhao et al. 2016). That means divergence time 
has been used as an additional criterion to rank taxa of above species level in Agaricus. 
Later, the criterion of divergence time, along with phylogenetic, monophyletic and 
morphological support, has been accepted in other new subgenus and section recogni-
tions in Agaricus, such as a new subgenus Minoriopsis (Chen et al. 2017); and a new 
section Kerrigania (Parra et al. 2018).

As mentioned before, this proposed new section Cymbiformes has a closely phyloge-
netic relationship with sections Trisulphurati and Crassispori. In morphology, all of them 
differed with other sections of Agaricus by the combination of negative Schäffer’s reac-
tion, chemical odours such as phenol, ink or carbolic acid and basidiospores endospori-
um and often cymbiform. However, section Trisulphurati has woolly squamules on 
the surfaces of the pileus and stipe and the other two sections only have appressed squa-
mules at the centre of the pileus. Furthermore, this new section Cymbiformes could be 
separated from section Crassispori by its negative KOH reaction and developed annulus 
(the latter is positive KOH reaction and with fragile annulus) (Zhao et al. 2016).

So far, section Cymbiformes is only known from a tropical area. The cymbiform 
basidiospores are rare in Agaricus species. Presently there are three Agaricus species from 
tropical areas which have this kind of basidiospores. They are A. angusticystidiatus of 
section Cymbiformes and A. lamellidistans and A. variicystis of section Crassispori (Zhao 
et al. 2016). In phylogenetic analyses, these two sections also show a close phylogenetic 
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position, which is similar to previous studies (specimens ZRL2043 and ZRL2085 were 
treated as A. sp. in Zhao et al. 2011; Zhao et al. 2016). The presence of cymbiform 
basidiospores is a common character in another genus Micropsalliota of Agaricaceae. In 
phylogenetic analyses, Agaricus is sister to Hymenagaricus, then sister to Chlorophyllum, 
Heinemannomyces and Micropsalliota (Zhao et al. 2017) and all of them have tropical 
distribution habitats. Thus we hypothesised that cymbiform basidiospores have formed 
at least twice in evolutionary events and are associated with tropical environments.
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Abstract
Krogia borneensis Kistenich & Timdal, K. isidiata Kistenich & Timdal and K. macrophylla Kistenich & 
Timdal are described as new species, the first from Borneo and the two latter from New Caledonia. The 
new species are supported by morphology, secondary chemistry and DNA sequence data. Krogia borneen-
sis and K. isidiata contain sekikaic and homosekikaic acid, both compounds reported here for the first time 
from the genus. Krogia macrophylla contains an unknown compound apparently related to boninic acid 
as the major compound. DNA sequences (mtSSU and nrITS) are provided for the first time for Krogia 
and a phylogeny of the genus based on 15 accessions of five of the six accepted species is presented. Krogia 
antillarum is reported as new to Brazil, Guatemala and Mexico.
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Introduction

Krogia Timdal is a corticolous genus occurring in tropical humid forests and rainforests. 
It closely resembles the much more common genus Phyllopsora Müll. Arg. in thallus 
morphology, but differs mainly in having a weak or absent amyloid reaction in the tholus 
of the asci and filiform, curved ascospores that are spirally arranged in the ascus (Timdal 
2002). In Phyllopsora, the tholus shows a deeply amyloid conical structure (Bacidia-type) 
and the ascospores vary from ellipsoid to acicular, but are never spirally arranged. Nearly 
every examined specimen of Krogia has at least some scattered red or purple patches on 
the thallus or apothecia caused by non-crystalline, acetone-insoluble pigment(s).

Three species of Krogia are known: K. antillarum Timdal (the West Indies; Timdal 
2009), K. coralloides Timdal (Mauritius; Timdal 2002) and K. microphylla Timdal (the 
Dominican Republic; Lumbsch et al. 2011). All species are recently discovered and 
known from only a few collections.

During revision of material of Phyllopsora from Southeast Asia and Oceania, we 
have come across material of three apparently undescribed Krogia species. There are no 
published sequences of Krogia, but we have provided sequences of the mitochondrial 
small subunit (mtSSU) and of the nuclear ribosomal transcribed spacer region (ITS) 
from the three putative new species and from two of the three previously described spe-
cies. The sequences, some of which were taken from an unpublished paper on the phy-
logeny of the Ramalinaceae (Kistenich et al. in press), were used to infer a phylogeny.

Material and methods

The specimens

The specimens of the three new species were discovered during ongoing global stud-
ies of Phyllopsora by Kistenich and Timdal in material provided by Rikkinen (New 
Caledonia) and Thüs, Vairappan and Wolseley (Borneo), with additional specimens 
provided by A. Elvebakk (New Caledonia) and A. Paukov (Borneo). The specimens are 
deposited in B, BM, BORH, H, O and PC. DNA sequences of the two previously de-
scribed Krogia species were generated from specimens in B and O and from a specimen 
provided by P. Diederich (hb Diederich). Additionally, we included 14 mtSSU and 12 
ITS sequences (Table 1) from nine species in six genera known to be closely related to 
Krogia as well as from the holotype of the genus Krogia, K. coralloides, from a previous 
molecular study on the family Ramalinaceae (Kistenich et al. in press).

Anatomy

Microscope sections were cut using a freezing microtome and mounted in water, 10% 
KOH (K), lactophenol cotton blue and a modified Lugol’s solution, in which water 
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Table 1. Specimens used in this study with voucher information, major lichen substances and GenBank 
accession numbers. New sequences are indicated by accession numbers in bold.

Species and sequence 
ID Voucher Major lichen 

substances mtSSU ITS

Aciculopsora salmonea Costa Rica, 2004, Lücking 17543 (BR), 
isotype – MG925842 MG925948

Bacidia rosella Sweden, 1997, Ekman 3117 (BG) – AY300877 AF282086

Bacidia rubella Switzerland, van den Boom 41103 (LG DNA 
578) – JQ796830 JQ796852

Bacidia sipmanii Tenerife, Sérusiaux s.n. (LG DNA 361) – JQ796832 JQ796853
Bacidina brittoniana USA, 1999, Ekman 3657 (BG) – – MG925954
Bacidina delicata France, Sérusiaux s. n. (LG DNA 369) – JQ796834 JQ796854

Bacidina neosquamulosa Netherlands, van den Boom 41056 (LG DNA 
490) – JQ796837 JQ796855

Bacidina phacodes Sweden, 1998, Ekman 3414 (UPS) – AY567725 AF282100
Eschatogonia prolifera I Peru, 2006, Timdal 10207 (O) didymic acid MG925870 MG925969
Eschatogonia prolifera II Peru, 2006, Timdal 10429 (O) didymic acid MG925871 MG925970

Krogia antillarum I Trinidad And Tobago, 2008, Rui & Timdal 
10844 (O), paratype

4-O-methylcrypto-
chlorophaeic acid MH174271 MH174281

Krogia antillarum II Guatemala, 2002, Andersohn s.n. (B) 4-O-methylcrypto-
chlorophaeic acid MH174272 –

Krogia antillarum III Mexico, 1994, Wolf & Sipman 2052 (B) 4-O-methylcrypto-
chlorophaeic acid MH174273 MH174282

Krogia antillarum IV Brazil, 2015, Dahl, Kistenich, Timdal & 
Toreskaas AM-39 (O)

4-O-methylcrypto-
chlorophaeic acid MH174274 MH174283

Krogia borneensis I Malaysia, 2013, Vairappan & Thüs L291 
(BORH), holotype

sekikaic acid, 
homosekikaic acid MH174275 –

Krogia borneensis II Malaysia, 2012, Wolseley, Thüs & Vairappan 
D-3-10-2 (BM)

sekikaic acid, 
homosekikaic acid MH174276 –

Krogia borneensis III Malaysia, 2014, Paukov 2234 (B) sekikaic acid, 
homosekikaic acid MH174277 –

Krogia borneensis Malaysia, 1997, Wolseley Q21 p.p. (BM) sekikaic acid, 
homosekikaic acid – –

Krogia borneensis Malaysia, 2013, Vairappan & Thüs L229 (BM) sekikaic acid, 
homosekikaic acid – –

Krogia coralloides I Mauritius, 1991, Krog & Timdal MAU51/83 
(O), holotype

boninic acid, 
unknown MG925875 MG925977

Krogia coralloides II Mauritius, 2016, Diederich 18455 (hb. 
Diederich)

boninic acid, 
unknown MH174278 MH174284

Krogia isidiata I New Caledonia, 2005, Elvebakk 05:633 (O), 
holotype

sekikaic acid, 
homosekikaic acid – MH174285

Krogia isidiata II New Caledonia, 2016, Rikkinen 34385 (H) sekikaic acid, 
homosekikaic acid MH174279 MH174286

Krogia isidiata New Caledonia, 2016, Rikkinen 35034 (H) sekikaic acid, 
homosekikaic acid – –

Krogia isidiata New Caledonia, 2016, Rikkinen 35688 (H) sekikaic acid, 
homosekikaic acid – –

Krogia macrophylla I New Caledonia, 2016, Rikkinen 36047 (H) unknown – MH174287

Krogia macrophylla II New Caledonia, 2016, Rikkinen 36077 (H), 
holotype unknown – MH174288

Krogia macrophylla III New Caledonia, 2016, Rikkinen 35037 (H) unknown – MH174289
Krogia macrophylla IV New Caledonia, 2011, Rikkinen 38565 (H) unknown MH174280 MH174290

Physcidia wrightii I Mauritius, 1991, Krog & Timdal MAU14/14 
(O)

sekikaic acid, 
divaricatic acid MG925911 –

Physcidia wrightii II Mauritius, 1991, Krog & Timdal MAU13/10 
(O)

sekikaic acid, 
divaricatic acid MG925912 –

Toninia cinereovirens Norway, 1994, Haugan & Timdal 7953 (O) – AY567724 AF282104
Waynea californica USA, 1995, Ekman L1486 (UPS) – MG925947 –
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was replaced by 50% lactic acid. Amyloid reactions were observed in the modified Lu-
gol’s solution after pretreatment in K and crystals of lichen substances were observed 
using polarised light.

Secondary chemistry

Thin-layer chromatography (TLC) was performed in accordance with the methods of 
Culberson (1972), modified by Menlove (1974) and Culberson and Johnson (1982). 
Examinations were made in the three standard solvent systems A, B' and C.

DNA extraction, PCR and sequencing

We extracted DNA from apothecia and/or thallus tissue of 14 Krogia specimens. The 
DNA extraction followed the protocol described by Bendiksby and Timdal (2013). We 
selected the two genetic markers mtSSU and nrITS (including ITS1, 5.8S and ITS2) 
for molecular analyses. Polymerase chain reactions (PCR) were performed with the 
primer pairs mtSSU1 and mtSSU3R (Zoller et al. 1999) for mtSSU as well as ITS1-F 
(Gardes and Bruns 1993) and ITS4 (White et al. 1990) for ITS. In case of poor ampli-
fication success, internal primers were used: mtSSUF (5’-ACCAGTAGTGAAGTAT-
GTTGTT-3’) and mtSSUR (5’-AACAACATACTTCACTACTGGT-3’) for mtSSU 
and ITS_lichF and ITS_lichR (Bendiksby and Timdal 2013) for ITS. We used the 
following cycling conditions: 95 °C for 7 min, 35 cycles of 95 °C for 30 s, 60 °C for 
30 s, 72 °C for 30 s, followed by 72 °C for 7 min. We used Illustra PuReTaq Ready-
To-Go PCR Beads (GE Healthcare, Buckinghamshire, UK) with half-sized reactions, 
i.e. prior to adding DNA, we transferred 12 µl of the mixture to a new PCR tube. To 
this, we added 0.5 µl of template DNA and 1 µl of each primer (10 µM). The PCR 
products were purified with the Illustra ExoProStar Clean-Up Kit (GE Healthcare, 
Buckinghamshire, UK) following the manufacturer’s instructions, but with a 10-fold 
enzyme dilution. We sent the purified PCR products to Macrogen Europe (Amster-
dam, The Netherlands) for Sanger sequencing according to the company’s instructions 
for sample preparation.

DNA sequence analysis

We assembled and edited the resulting sequences using the software Geneious R9 
(Kearse et al. 2012). For the separate alignment of the variable ITS1 and ITS2 se-
quences, we used PASTA version 1.7 (Mirarab et al. 2015) with OPAL as aligner and 
merger, the maximum subproblem set to 50%, RAxML as the tree estimator under a 
GTR+Γ model and a maximum of 500 iterations. We also used PASTA for the mtSSU 
alignment with the same settings except that we used a GTR+I+Γ model. As the 5.8S 
alignment contains mainly conserved regions, the online version of MAFFT version 
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7.313 (http://mafft.cbrc.jp/alignment/software/; Katoh and Standley 2013) was used 
(G-INS-i) with default settings except that the scoring matrix was set to 2PAM. Align-
ments were concatenated for subsequent analyses.

We used PartitionFinder2 (Lanfear et al. 2016) to infer the best-fitting substitu-
tion models and partitioning scheme for the concatenated alignment with the Bayes-
ian Information Criterion (BIC) to select amongst all possible combinations of mod-
els implemented in MrBayes (1-, 2- and 6-rate models). Subset rates were treated as 
proportional (‘linked branch lengths’). We defined four potential subsets prior to the 
analysis: mtSSU, ITS1, 5.8S and ITS2.

Three Bacidia De Not. species, B. rosella (Pers.) De Not., B. rubella (Hoffm.) A. 
Massal. and B. sipmanii M. Brand et al., were used as outgroup in all phylogenetic 
analyses based on the molecular phylogeny of the Ramalinaceae (Kistenich et al. in 
press). We checked for incompatibilities amongst gene trees by subjecting each marker 
to a simple maximum likelihood bootstrap analysis as implemented in RAxML Black 
Box 8.2.10 (Stamatakis 2014) on the CIPRES webserver (Miller et al. 2010) with 
default settings. Resulting gene trees were inspected manually for incompatibilities.

The alignment was subjected to maximum likelihood analyses using Garli 2.01 
(Zwickl 2006) on the CIPRES webserver (Miller et al. 2010) and on the Abel high 
performance computing cluster (University of Oslo, Norway) under the models and 
partitioning scheme suggested by PartitionFinder2. We searched for the best tree using 
500 repetitions from a random tree. We ran the nonparametric bootstrapping analysis 
with 500 replicates, each on 10 search replicates from a random tree.

We analysed the alignment phylogenetically using MrBayes 3.2.6 (Altekar et al. 
2004; Ronquist and Huelsenbeck 2003) with BEAGLE (Ayres et al. 2012) on the 
CIPRES webserver (Miller et al. 2010). We used a (1, 1, 1, 1, 1, 1) Dirichlet for 
the rate matrix, a (1, 1, 1, 1) Dirichlet for the state frequencies, an exponential (1) 
distribution for the gamma shape parameter and a uniform (0, 1) distribution for 
the proportion of invariable sites. Subset rates were assumed proportional with the 
prior distribution following a (1, 1, 1, 1, 1, 1, 1) Dirichlet. We assumed a compound 
Dirichlet prior on branch lengths (Rannala et al. 2011; Zhang et al. 2012). For the 
gamma distribution component of this prior, we set α = 1 and β = 0.5, as the expected 
tree length α/β (taken from the preceding maximum likelihood analysis) was approxi-
mately 1.9. The Dirichlet component of the distribution was set to the default (1, 1). 
Four parallel Markov chain Monte Carlo (MCMC) runs were performed, each with 
six chains and the temperature increment parameter set to 0.2 (Altekar et al. 2004). 
The appropriate degree of heating, adjusted for swap rates in the interval 0.1–0.7, was 
determined by monitoring cold and hot chains in preliminary runs. We used a burnin 
of 50% and sampled every 1000th tree. The runs were diagnosed for convergence every 
106 generations and were set to terminate either at convergence or after having reached 
100×106 generations. Convergence was defined as an average standard deviation of 
split frequencies (ASDSF) smaller than 0.01. We projected the bootstrap support (BS) 
values from the Garli-analysis on to the MrBayes majority rule consensus tree with 
posterior probabilities (PP) and collapsed branches with BS < 50 and PP < 0.7. The 
resulting trees were edited in TreeGraph 2 (Stöver and Müller 2010).
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Results

Secondary chemistry

The results of the TLC analyses are shown in Table 1. We identified four lichen substanc-
es: 4-O-methylcryptochlorophaeic acid (in K. antillarum), sekikaic acid and homo-
sekikaic acid (in K. borneensis and K. isidiata) and boninic acid (in K. coralloides). An 
unidentified major compound, similar to boninic acid in colour and fluorescence on 
the developed chromatograms, occurred in K. coralloides and K. macrophylla. On the 
chromatograms, the two compounds were first pale brown, then after a few days turn-
ing greyish-pink, UV366+ blue and occurred in Rf-classes A:5, B':5, C:6; the unknown 
moved just above boninic acid in all solvent systems.

Molecular data and phylogenetic analyses

We successfully generated DNA sequences for 14 Krogia specimens, including 10 
mtSSU and 10 ITS sequences (Table 1). The final dataset comprised 29 accessions 
(Table 1) and resulted in a 1424 bp long alignment counting 28% missing data and 
470 parsimony-informative sites. The alignment is available at TreeBase (https://tree-
base.org – study no. 22518).

Initial RAxML analyses produced congruent gene trees of the mtSSU and ITS 
datasets; only unsupported (< 0.7) topological differences between the consensus 
trees were observed. We therefore continued with the subsequent phylogenetic anal-
yses. PartitionFinder2 suggested three subsets and two different substitution mod-
els, the GTR+G model for (1) mtSSU, (2) ITS1 and ITS2 and the K80+I model for 
(3) 5.8S. The likelihood score of the best tree found by Garli was –8023.487881. 
The Bayesian analysis halted automatically after 3 million generations, when the 
ASDSF in the last 50% of each run had fallen below 0.01. We used 6004 trees for 
constructing the final majority-rule consensus tree. The phylogenetic results gener-
ated by Garli and MrBayes showed no incongruences. The extended majority-rule 
consensus tree of our alignment (Fig. 1), based on the Bayesian topology with all 
compatible groups (BS ≥ 50 and/or PP ≥ 0.7), shows that all Krogia accessions group 
together in five distinct and well-supported clades with short terminal branches. 
Accessions of Bacidina Vězda were resolved as the phylogenetic sister clade to the 
Krogia accessions, albeit only supported by PP. Not all Bacidina accessions formed 
a distinct group, but were split in two clades. Except for accessions of the same spe-
cies, i.e. Eschatogonia prolifera (Mont.) R. Sant. and Physcidia wrightii (Tuck.) Tuck., 
there was poor resolution for the remaining accessions resulting in polytomy for the 
backbone of the ingroup.
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Figure 1. Hypothesis of the phylogenetic relationships and placement of the 15 Krogia accessions. It 
shows the extended majority-rule consensus tree resulting from the Bayesian MCMC analysis with Bayes-
ian PP ≥ 0.7 (above branch) and/or Garli maximum likelihood BS ≥ 50 (below branch) and branch 
lengths. Strongly supported branches (PP ≥ 0.95 and BS ≥ 95) are marked in bold; branches with PP ≥ 
0.95 and BS ≥ 70 are marked in bold grey; branches only supported by PP ≥ 0.7 are marked with an aster-
isk above the branch. Bacidia rosella, B. rubella and B. sipmanii were used as outgroup. Scale bar indicates 
0.05 changes per site.



 Sonja Kistenich et al.  /  MycoKeys 40: 69–88 (2018)76

Discussion

The genus Krogia was first described by Timdal in 2002 and only few reports of the 
genus have been published since (Lumbsch et al. 2011; Timdal 2009). Furthermore, 
no molecular phylogenetic studies investigating the monophyly of this genus have 
been conducted. In our study, we present the first multi-locus phylogenetic hypothesis 
of the genus Krogia (Fig. 1) and describe three new species from the Paleotropics based 
on molecular, morphological and chemical data.

All accessions of Krogia included in our molecular phylogeny (Table 1) form a 
well-supported, monophyletic group (Fig. 1). Five strongly supported clades can be 
distinguished within the genus. These five clades are delimited by rather long branches 
in comparison to the short terminal branches, indicating that the five clades corre-
spond to five different species (Fig. 1). Two clades correspond to the two previously 
described species K. coralloides (Timdal 2002) and K. antillarum (Timdal 2009), while 
the remaining three clades correspond to the three new species K. borneensis, K. isidiata 
and K. macrophylla. The new species are morphologically distinct from one another 
and from the three known species, K. antillarum, K. coralloides and K. microphylla: 
Krogia borneensis forms more elongated and often linear squamules, K. isidiata forms 
characteristically long and sparingly branched isidia and K. macrophylla is a large spe-
cies with wider squamules than any of the known species. We therefore describe them 
as new species. All Krogia species known contain the characteristic red or purple spots 
on the thallus and apothecia, consisting of one or more unknown pigments.

Our specimens of the genus Krogia were typically found amongst collections of 
undetermined tropical rainforest lichens, particularly amongst those tentatively named 
Phyllopsora. Timdal (2002) suggested a close relationship between Krogia and Phyllop-
sora based on overall morphological similarity. The two genera are anatomically distinct 
(Timdal 2002), although both form small squamules or lobes on bark. A comprehen-
sive molecular phylogeny of the family Ramalinaceae, however, revealed the type spe-
cies of the two genera to belong to different major clades within the family (Kistenich 
et al. in press). They are therefore not as closely related as previously anticipated.

On detailed microscopic examination of specimens of the new species K. borneen-
sis, we discovered a thin, unicellular cortex on the upper and lower side of the thallus. 
This type of cortex, with a single layer of rounded or cuboid cells and a thick cell wall, 
is characteristic for the tropical genus Eschatogonia Trevis. (Timdal 2008). The cellular 
cortex surrounding the fungal tissue in K. borneensis has thinner cell walls and consists 
of somewhat longer, rather rectangular cells instead of the round and cuboid cells ob-
served in Eschatogonia species. Our molecular phylogenetic hypothesis confirms that 
Krogia is not closely related to Eschatogonia. This indicates that the characteristic cortex 
in Eschatogonia has evolved independently.

Krogia is resolved as the phylogenetic sister to a clade consisting of the type species 
of Bacidina, B. phacodes (Körb.) Vězda and B. brittoniana (Riddle) LaGreca & Ekman 
(Fig. 1). Krogia differs from Bacidina s.str. (sensu Kistenich et al. in press) in having 
spirally arranged ascospores and a non- to weakly amyloid ascus tholus.
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In recent years, lichenologists have increasingly focused on tropical regions and 
many new species have been described each year (e.g. Aptroot et al. 2018; Lücking 
et al. 2014; Masson et al. 2015; Naksuwankul et al. 2016; Sodamuk et al. 2017). It 
seems that the full diversity of tropical lichens is yet to be discovered. In our study, we 
report two new species of Krogia, K. isidiata and K. macrophylla, from but one island, 
the island Grande Terre belonging to New Caledonia. Therefore, further extensive col-
lecting expeditions to remote tropical areas are necessary to explore the total diversity 
of the genus Krogia.

Taxonomy

Krogia borneensis Kistenich & Timdal, sp. nov.
Mycobank: MB825078
Fig. 2

Diagnosis. The species differs from K. isidiata in forming lacinules as vegetative dis-
persal units, not isidia, and from the other species in the genus in producing sekikaic 
and homosekikaic acid.

Type. Malaysia, Borneo, Sabah, Maliau conservation area, trail between Nepenthes 
Camp and waterfall Takob Akob, 4°43.4'N, 116°52.2'E, 900–1000 m alt., in low (few 
metres) and open pristine montane "Kerangas" (heath) forest with higher trees mostly 
along a small stream, on smooth barked tree in the vicinity of the stream, 2013-02-23, C. 
Vairappan & H. Thüs L291 (BORH, holotype) [TLC: sekikaic and homosekikaic acid; 
GenBank: MH174275 (mtSSU)].

Description. Thallus effuse, squamulose; squamules up to 1 mm wide, deeply di-
vided into 0.1–0.2 wide lobes, ascending, imbricate, flattened, elongated to partly linear, 
often slightly laterally constricted, greyish-green with patches of red (K+ purple) spots, 
epruinose, glabrous; margin concolorous with upper side, not fibrillose; lower side white; 
lacinules formed by tips of the lobes. Upper cortex composed of a single layer of thick-
walled cells with angular to shortly cylindrical lumina (resembling Eschatogonia-type), 
not containing crystals (polarised light!); algal layer 30–40 µm thick, filled with crystals 
dissolving in K; medulla composed of loosely interwoven hyphae, not containing crystals 
dissolving in K; lower cortex resembling upper cortex, both continuing over the edge of 
the squamule; prothallus brownish-black, often well developed. Apothecia (present in 
the holotype only) up to 0.6 mm diam. when simple, forming aggregates up to 1.5 mm 
diam., medium brown with red patches or entirely reddish-brown, more or less plane, 
with an indistinct, slightly paler, often flexuose margin; excipulum pale brown to col-
ourless, composed of radiating, closely conglutinated hyphae, in inner part containing 
colourless crystals dissolving in K; hypothecium partly to entirely stained by a blood red 
pigment which dissolves in K with a purple effusion; epithecium colourless, not contain-
ing crystals. Ascospores filiform, curved, non-septate, spirally arranged in ascus, 20–31 × 
ca. 1.0 µm (n=10, from holotype). Conidiomata not seen.
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Chemistry. Sekikaic acid (major), homosekikaic acid (major). Spot tests: all negative, 
except for red patches being K+ purple.

Distribution. The species is known from five localities in Borneo.
Ecology. The species occurred in rather low "Kerangas" (heath) forest vegetation or 

on transition vegetation between the heath and oak/conifer (particularly Agathis) forest 
at higher elevations (ca. 1000 m) on very poor soils on sandstone (Fig. 2B). The species 
always grew on the rather smooth barked, middle-sized trees together with various Pyr-
enulaceae and Graphidaceae.

Etymology. The specific epithet refers to its occurrence in Borneo.

Figure 2. Krogia borneensis. A Field photograph of the holotype B habitat at type locality C herbarium 
photograph of holotype. Scale bar: 1 mm. Photo: H. Thüs (A, B), E. Timdal (C).
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Remarks. The medium-sized, flattened squamules make the species morphologically 
most similar to the neotropical K. antillarum. The squamules are more elongated, often 
linear and with more lateral constrictions in K. borneensis than in K. antillarum, which has 
more fan-shaped squamules. The former species has a thin, unicellular cortex on both up-
per and lower side, whereas the latter has a multicellular (20–30 µm thick) upper cortex 
and lacks a lower cortex (Timdal 2009). Chemically, the latter species differs in forming 
4-O-methylcryptochlorophaeic acid.

Krogia isidiata shares the secondary chemistry (sekikaic and homosekikaic acid) with 
K. borneensis, but they differ in their vegetative dispersal units, the former producing 
cylindrical isidia, the latter flat lacinules (fragmenting squamules). The upper cortex of K. 
isidiata is multicellular (15–30 µm thick) and the lower cortex is absent.

Additional specimens examined. Malaysia, Borneo. Sabah: Danum, plot 88, dip-
terocarp forest logged in 1988, 4°58'N, 117°50'E, 131 m alt., 1997-04-30, P. Wolse-
ley Q21 p.p. (BM 001104020); Danum valley, pristine lowland dipterocarp forest 
4°57.96'N, 117°47.32'E, 200–400 m alt., 2012, P. Wolseley, H. Thüs & C. Vairappan 
D-3-10-2 (BORH); Maliau conservation area, trail between Nepenthes Camp and wa-
terfall Takob Akob, transition between pristine montane "Kerangas" (heath forest) and 
montane oak-conifer (Agathis) forest, 4°42.6'N, 116°52.5'E, 900–1000 m alt., 2013, 
C. Vairappan & H. Thüs L229 (BM); Ranau district, Kinabalu park, Musang camp on 
the Tambuyukon trail (loc. T98), 6°12.720'N, 116°40.891' E, 1429 m alt., epiphytic, 
2014-12-09, A. Paukov 2234 (B).

Krogia isidiata Kistenich & Timdal, sp. nov.
Mycobank: MB825079
Fig. 3

Diagnosis. The species differs from K. borneensis in forming isidia as vegetative disper-
sal units, not lacinules, and from the other species in the genus in producing sekikaic 
and homosekikaic acid.

Type. New Caledonia, Province Sud, 20 km NNE of Nouméa, along dirt mountain 
road to Mt Dzumac, 3–400 m S of Seismic Station, ca. 22°03'S, 166°25'E, 830 m alt., 
on unidentified tree trunk in forest near the road, 2005-12-06, A. Elvebakk 05:633 (O 
L-186393, holotype; CANB, isotype [not seen]) [TLC: sekikaic and homosekikaic acid; 
GenBank: MH174285 (ITS)].

Description. Thallus effuse, squamulose; squamules up to 0.4 mm wide, round-
ed and adnate when young, later becoming somewhat elongated with a crenulate and 
slightly ascending margin, flattened, green, with scattered patches of red (K+ purple) 
spots, epruinose, glabrous; margin concolorous with upper side, not fibrillose; lower side 
white; isidia attached marginally to the squamules, simple or sparingly branched, up to 
1.8 mm long and 0.1 mm wide. Upper cortex composed of a few layers of thick-walled, 
irregularly or mainly periclinally orientated hyphae with angular to shortly cylindrical 
lumina, 15–30 µm thick, lacking an epinecral layer, not containing crystals (polarised 
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Figure 3. Krogia isidiata. A field photograph of JR35688 B field photograph of JR35034 C herbarium 
photograph of holotype. Scale bar: 1 mm. Photo: J. Rikkinen (A, B), E. Timdal (C).

light!); algal layer 30–40 µm thick, filled with crystals dissolving in K; medulla com-
posed of loosely interwoven hyphae, containing crystals in the upper part; lower cortex 
lacking; prothallus brownish-black, well developed. Apothecia up to 0.8 mm diam. 
when simple, often forming aggregates up to 1.6 mm diam., dark reddish-brown to 



Three new species of Krogia 81

brownish-black, more or less plane, with a rather distinct, concolorous or slightly dark-
er, flexuose margin; excipulum dark reddish-brown throughout, composed of radiating, 
closely conglutinated, thick-walled hyphae with narrowly cylindrical lumina, inner part 
containing crystals dissolving in K; hypothecium dark reddish-brown, composed of 
closely conglutinated, thick-walled hyphae with narrowly cylindrical lumina, contain-
ing crystals dissolving in K; epithecium colourless, not containing crystals (but crystals 
present in hymenium below). Ascospores filiform, curved, simple, spirally arranged in 
ascus, ca. 20–30 × ca. 1.0 µm (estimate of curved spores). Conidiomata not seen.

Chemistry. Sekikaic acid (major), homosekikaic acid (major). Spot tests: all negative, 
except for red patches being K+ purple.

Distribution. The species is known from four collections at three localities in New 
Caledonia.

Ecology. The species grows on tree trunks in moist or mesic tropical forests and 
woodlands (Fig. 5B). All collections are from low-elevation sites and from ultramafic soils 
typical of the southern part of Grande Terre (main island of New Caledonia). It prefers 
shaded basal trunks that are otherwise mainly dominated by epiphytic bryophytes and/
or leprarioid lichens.

Etymology. The specific epithet refers to its vegetative dispersal units, isidia.
Remarks. This species and K. macrophylla are the only isidiate species of Krogia. 

They differ morphologically mainly in the size and shape of the squamules. In K. isid-
iata, they are small (up to 0.4 mm wide), rounded and adnate to somewhat elongated 
and with a slightly ascending margin and, in K. macrophylla, large (up to 3 mm wide), 
elongated and ascending even when young. In K. isidiata, the squamules are attached 
to a prothallus, whereas in the latter species, a prothallus has not been observed. The 
former species contains sekikaic and homosekikaic acid, the latter an unknown com-
pound resembling boninic acid.

Krogia isidiata shares the secondary chemistry with K. borneensis; see that species for 
discussion.

Additional specimens examined. New Caledonia. Province Sud: Yaté, dense 
forests along road RP 3 about 5 km west of Yaté, on tree trunk, 22°10'03.63"S, 
166°54'10.15"E, 410 m alt., 2016-09-20, J. Rikkinen 34385 (H); Blue River Provincial 
Park, dense riparian forest near camp site on river bank, on tree trunk, 22°05'54.79"S, 
166°38'20.24"E, 200 m alt. 2016-09-22, J. Rikkinen 35034 (H); Blue River Provincial 
Park, dense forest between camp site and road GR NC1, on tree trunk, 22°05'47.63"S, 
166°38'22.54"E, 220 m alt., 2016-09-24, J. Rikkinen 35688 (H, PC).

Krogia macrophylla Kistenich & Timdal, sp. nov.
Mycobank: MB825080
Fig. 4

Diagnosis. The species differs from all other species of the genus in forming larger (up 
to 3 mm wide, vs. up to 0.3–1.5 mm wide in the other species) squamules and, except 
for K. coralloides, in producing an unknown compound resembling boninic acid.
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Figure 4. Krogia macrophylla A field photograph of JR36047 B field photograph of holotype C her-
barium photograph of holotype. Scale bar: 1 mm. Photo: J. Rikkinen (A, B), E. Timdal (C).

Type. New Caledonia, Province Sud, Mont Mou Nature Reserve, in low dense 
mist forest along foot path to the mountain summit, on tree trunk, 22°03'39.66"S, 
166°20'53.54"E, 1162 m alt., 2016-09-26, J. Rikkinen 36077 (H, holotype [TLC: 
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unknown compound resembling boninic acid; GenBank: MH174288 (ITS)]; PC, 
isotype).

Description. Thallus effuse, squamulose; squamules up to 3 mm wide, at first 
rounded, later becoming incised and deeply divided into up to 1 mm wide lobes, as-
cending even when young, often imbricate, flattened or with an up-turned tip, greyish-
green, with patches of purple (K+ bluish-black) spots, epruinose, glabrous; margin 
concolorous with upper side, not fibrillose; lower side white; isidia (present in one 
specimen) attached marginally to the squamules, simple or sparingly branched, up to 
1.6 mm long and 0.2 mm wide. Upper cortex composed of thick-walled, irregularly 
orientated hyphae with angular to cylindrical lumina, 50–80 µm thick, lacking an 
epinecral layer, not containing crystals (polarised light!); algal layer 25–35 µm thick, 
filled with crystals dissolving in K; medulla composed of loosely interwoven hyphae, 
upper part containing crystals dissolving in K; lower cortex lacking; prothallus lack-
ing. Apothecia up to 1 mm diam. when simple, often forming aggregates up to 6 mm 
diam., pale to medium brown, with purple patches, plane to weakly convex, with 
an indistinct, slightly paler, often flexuose margin; excipulum pale brown to colour-
less, composed of radiating, closely conglutinated, thick-walled hyphae with narrowly 
cylindrical lumina, not containing crystals; hypothecium pale brown to colourless, 
composed of closely conglutinated, thick-walled hyphae with narrowly cylindrical lu-
mina, not containing crystals; epithecium colourless, not containing crystals; purple 
pigment occurring patchily in exciple, hypothecium and hymenium. Ascospores fili-
form, curved, simple, spirally arranged in ascus, ca. 20–30 × ca. 1.0 µm (estimate of 
curved spores). Conidiomata not seen.

Chemistry. An unknown compound resembling boninic acid (major) and traces 
of additional compounds. Spot tests: all negative, except for purple patches being K+ 
deeper purple to bluish-black.

Distribution. The species is known from three localities in New Caledonia.
Ecology. The species grows on tree trunks in moist or wet tropical forests (Figs. 

5A–C). Two collections are from montane mist forests and one from a low-elevation 
rainforest, all on ultramafic soils typical of the southern part of Grande Terre (main 
island of New Caledonia). It prefers shaded basal trunks that are otherwise mainly 
dominated by epiphytic bryophytes and/or leprarioid lichens.

Etymology. The specific epithet refers to the large squamules.
Remarks. In the examined material, one specimen (Rikkinen 38565) is isidiate, 

whereas the others are not. Our first assumption, that two species were involved, was 
not confirmed by the phylogeny (Fig. 1) and it appears that vegetative dispersal units, 
isidia, are produced occasionally in K. macrophylla. The only other isidiate species of 
Krogia is K. isidiata; see that species discussion.

Krogia macrophylla has a similar secondary chemistry to K. coralloides (an unknown 
substance resembling boninic acid as the major constituent) but differs in lacking the 
boninic acid that co-occurs as the major constituent in K. coralloides (Timdal 2002). 
Krogia coralloides forms smaller (up to 1 mm wide), more linear lobes with often down-
turned tips.
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Figure 5. Habitat images from New Caledonia A Mont Humboldt Nature Reserve, site of K. macro-
phylla, with Araucaria humboldtensis B Blue River Provincial Park, site of K. isidiata and K. macrophylla 
C Mont Mou Nature Reserve, holotype locality of K. macrophylla. Photo: J. Rikkinen.

Additional specimens examined. New Caledonia. Province Sud: Blue River 
Provincial Park, dense riparian forest near camp site on river bank, on tree trunk, 
22°05'54.79"S, 166°38'20.24"E, 200 m alt., 2016-09- 22, J. Rikkinen 35037 (H); 
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locality data as for holotype, J. Rikkinen 36047 (H); Mont Humboldt Nature Reserve, 
close to Mont Humboldt refuge, in low dense mist forest along foot path from shelter 
towards the mountain summit, on tree trunk, 21°52'46.79"S, 166°24'49.17"E, 1320 
m alt., 2011-11-09, J. Rikkinen 38565 (H).

Key to the species of Krogia

1 Squamules large, up to 3 mm wide and with up to 1 mm wide lobes; contain-
ing an unknown compound resembling boninic acid ........... K. macrophylla

– Squamules smaller, up to 1.5 mm wide and with up to 0.4 mm wide lobes; 
chemistry various ........................................................................................2

2 Thallus with isidia; containing sekikaic and homosekikaic acid ......K. isidiata
– Thallus without isidia; chemistry various.....................................................3
3 Squamules minute, up to 0.3 wide and with up to 0.1 mm, simple lobes, 

forming a microphyllinous crust; not containing lichen substances ...............
 .............................................................................................K. microphylla

– Squamules medium sized, up to 1.5 mm wide and with up to 0.4 mm wide, 
coralloid elongated lobes; containing lichen substances ...............................4

4 Thallus with brownish black hypothallus; containing sekikaic and homoseki-
kaic acid .................................................................................. K. borneensis

– Thallus without distinct hypothallus; chemistry different ............................5
5 Squamules mainly flattened; lobes up to 0.4 mm wide; containing 4-O-

methylcryptochlorophaeic acid .............................................. K. antillarum
– Squamules mainly convex; lobes up to 0.1 mm wide; containing boninic acid 

and an unknown, similar compound ......................................K. coralloides
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Appendix

Krogia antillarum is reported here as new to Brazil, Guatemala and Mexico from the 
following examined specimens: Brazil. Rio de Janeiro: Parque Nacional do Itatiaia, 
along trail to Três Picos, 22.4358°S, 44.6118°W, 1090 m alt., on tree trunk in At-
lantic rainforest, 2015-11-27, M.S. Dahl, S. Kistenich, E. Timdal & A.K. Toreskaas 
AM-39 (O L-202829). Guatemala. Depto. Alta Verapaz: NE of Cobán-Aragon, at the 
borders of Rio Cahabon (tierra fría), 1700 m alt., cloud forest, on Liquidambar tyraci-
flua, 2002-09-13, C. Andersohn s.n. (B 60-127330. Mexico. Chiapas: Municipio La 
Trinitaria, Parque Nacional Lagunas de Montebello, Paso del Soldado, 16°07'07"N, 
91°43'09"W, 1500 m alt., bosque de Pinus maximinoi y Quercus sapotifolia, exposición 
N, epífita, 1994-11-29, J. Wolf & H. Sipman 2052 (B 60-110597).
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Abstract
An extended incubation strategy to culture slow growing members of anaerobic fungi resulted in the isolation 
of a novel anaerobic fungus from the rumen of a goat after 15 days. The novel genus, represented by type strain 
G1SC, showed filamentous monocentric thallus development and produced uniflagellate zoospores, hence, 
showing morphological similarity to the genera Piromyces, Buwchfawromyces, Oontomyces and Pecoramyces. 
However, strain G1SC showed genetic similarity to the genus Anaeromyces, which, though produces uniflagellate 
zoospore, also exhibits polycentric thallus development. Moreover, unlike Anaeromyces, strain G1SC did not 
show hyphal constrictions, instead produced a branched, determinate and anucleate rhizoidal system. This 
fungus also displayed extensive sporangial variations, both exogenous and endogenous type of development, 
short and long sporangiophores and produced septate sporangia. G1SC utilised various complex and simple 
substrates, including rice straw and wheat straw and produced H2, CO2, formate, acetate, lactate, succinate 
and ethanol. Phylogenetic analysis, using internal transcribed spacer 1 (ITS1) and D1/D2 domain of large-
subunit (LSU) rRNA locus, clearly showed a separate lineage for this strain, near Anaeromyces. The ITS1 based 
geographical distribution studies indicated detection of environmental sequences similar (93–96%) to this strain 
from cattle faeces. Based on morphological and molecular characterisation results of strain G1SC, we propose 
a novel anaerobic fungus Liebetanzomyces polymorphus gen. et sp. nov., in the phylum Neocallimastigomycota.
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Introduction

Anaerobic fungi inhabit the gut of various herbivorous animals where they play a piv-
otal role in the degradation of lignocellulosic feed (Gruninger et al. 2014). Some recent 
reports even suggest the presence of anaerobic fungi outside the gut of terrestrial ani-
mals and within the gut of sea animals and sediments (Ivarsson et al. 2016; Edwards et 
al. 2017; Picard 2017). Taxonomically, anaerobic fungi are the only member of phy-
lum Neocallimastigomycota, class Neocallimastigomycetes, order Neocallimastigales and 
family Neocallimastigaceae (Hibbett et al. 2007). So far, ten genera of these fungi have 
been reported, namely Anaeromyces, Caecomyces, Cyllamyces, Neocallimastix, Orpinomy-
ces, Piromyces, Buwchfawromyces, Feramyces, Oontomyces and Pecoramyces, the last four 
of which have been described very recently (Callaghan et al. 2015; Dagar et al. 2015; 
Hanafy et al. 2017; Hanafy et al. 2018).

The total number of anaerobic fungal species is reported to be 29, but this number 
is not validated due to several taxonomy related issues, including incorrect or repeti-
tive naming (Paul et al. 2018). Several culture-independent studies, moreover, suggest 
the presence of at least 25 genus- and 119 species-equivalent taxa of anaerobic fungi, 
highlighting the need for continuous attempts for the cultivation of these additional 
taxa into axenic cultures (Kittelmann et al. 2012; Koetschan et al. 2014; Paul et al. 
2018). This suggested number of total genera and species may even be higher as some 
of the primers used during routine ITS-based studies are also known to neglect certain 
cultures (Callaghan et al. 2015). These observations, therefore, reaffirm the need to 
look into vastly unexplored and unreported diversity of anaerobic fungi.

Many of the anaerobic fungal genera like Orpinomyces, Caecomyces, Neocallimastix, 
Piromyces etc. have a ubiquitous occurrence and can be found in diverse animal species, 
while some are reportedly host-specific (Paul et al. 2018). The genus Oontomyces has 
been reported to be a camel-specific genus (Dagar et al. 2015) and some uncultured 
genus designates have been reported to be specific to hosts like Somali ass, wallaby or 
American bison (Paul et al. 2018). Similarly, the presence of recently described gen-
era Pecoramyces and Feramyces has been found limited to foregut fermenters and wild 
undomesticated animals, respectively (Hanafy et al. 2018). However, it is interesting 
to note that many genera remain uncultured even from the routinely sampled domes-
ticated herbivores, a fact which needs further attention. In this paper, we report the 
isolation of a novel anaerobic fungus Liebetanzomyces polymorphus, isolated from goat 
rumen after prolonged incubation of 15 days.

Materials and methods

Sampling, cultivation and preservation

The rumen digesta samples were collected from goats (n=3) slaughtered at Kondhwa 
slaughterhouse, Pune (India). The samples were immediately brought to the labora-
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tory (within 1 h), pooled and homogenised for 10 minutes under the gas phase of 
CO2

 before making dilutions (up to 10-4) in the anaerobic diluent (McSweeney et al. 
2005). The serum roll bottle method (Miller and Wolin 1974) was used to isolate pure 
cultures of anaerobic fungi from different dilutions. Briefly, the inoculum (0.5 ml) was 
added to 125 ml glass serum bottles containing 10 ml fungal culture medium (pH 
6.8 ± 0.1), which comprised (per litre) of 3 g yeast extract, 5 g tryptone, 150 ml each 
of solution 1 (0.3% K2HPO4), solution 2 [0.3% KH2PO4, 0.6% (NH4)2SO4, 0.6% 
NaCl, 0.06% MgSO4.7H2O and 0.06% CaCl2.2H2O] and clarified rumen fluid, 1 ml 
resazurin (0.1%), 1 ml hemin (0.05%), 6 g NaHCO3, 1 g L-cysteine-HCl, 5 g cello-
biose and 20 g agar. The antibiotics, benzylpenicillin and streptomycin sulphate (final 
concentration 200 µg/ml), were also added to inhibit bacterial growth.

All the roll bottles were incubated at 39±1 °C for 3 weeks and inspected regularly 
for the development of fungal colonies. The morphologically distinct colonies were 
picked under anaerobic conditions and inoculated into the fresh liquid culture medi-
um. The serum roll bottle method was repeated two more times to get the axenic fun-
gal cultures. All the cultures were cryopreserved at -80 °C and -196 °C for short-term 
and long-term storage, respectively using ethylene glycol (final concentration 0.64 M) 
as the cryoprotectant (Callaghan et al. 2015).

Morphological characterisation

The colony morphology of the cultures was measured after 3 d growth on cellobiose roll 
bottles, using a stereomicroscope (Leica M205 FA) equipped with a digital camera (Leica 
DFC450 C). For documenting the microscopic features, the cultures were grown on dif-
ferent carbon sources like rice straw, wheat straw, cellulose, xylan, starch, cellobiose, lac-
tose, maltose, sucrose, glucose, xylose and fructose for 3 d. The microscopic features like 
thallus morphology, shape and size of sporangia, zoospore shape and flagellation etc. were 
documented using a differential interference contrast (DIC) microscope (Olympus BX53) 
equipped with a digital camera (Olympus DP 73) and scanning electron microscope 
(Carl Zeiss EVO MA15), respectively. The samples for scanning electron microscopy were 
prepared as described by Ho et al. (1988). To determine the monocentric/polycentric 
growth patterns, nuclei positions were visualised following straining with bisbenzimide 
(Fliegerova et al. 2002) or DAPI (Callaghan et al. 2015) using a fluorescence microscope 
(Nikon Eclipse 80i) equipped with a monochrome digital camera (Media Cybernetics) or 
confocal microscope (Leica TCS SP8), respectively. All images were processed in GIMP 
(version 2.8.14) and then compiled using Inkscape (version 0.91) software.

Molecular characterisation and phylogenetic analysis

For molecular characterisation, the genomic DNA was extracted using the CTAB 
DNA extraction protocol (Sirohi et al. 2013). The complete internal transcribed 
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spacer (ITS1-5.8S-ITS2; ITS) and D1/D2 domain of large-subunit (LSU) riboso-
mal DNA were amplified using ITS1/ITS4 and NL1/NL4 primer pairs (Edwards et 
al. 2017). The sequencing was outsourced to 1st BASE (Singapore) and the obtained 
sequences were compiled and edited manually using BioEdit software (Hall 1999). 
Since most of the culture-independent studies have generated only ITS1 sequences, 
the ITS sequence was trimmed to obtain only the partial ITS1 region. Sequence simi-
larity searches were performed using GenBank BLASTn. For phylogenetic analyses, 
the ITS1 and LSU sequences representing different anaerobic fungal genera and un-
cultured representatives, were downloaded from the NCBI GenBank database. All the 
sequences were aligned using the ClustalW programme (Thompson et al. 1994) with 
default settings in MEGA7 (Kumar et al. 2016). The aligned sequences were used 
to construct a phylogenetic tree in MEGA7 using the maximum-likelihood method 
based on the Tamura-Nei model (Tamura and Nei 1993) and tested by 500 bootstrap 
replications. The genus Gromochytrium mamkaevae was used as the outgroup for both 
ITS1 (accession number: KF586842) as well as LSU (accession number: NR_132054) 
based trees. The ITS1 and LSU alignments have been submitted to TreeBASE under 
submission ID 22988.

Substrate utilisation, enzyme activities and fermentation product analyses

The obtained strains were grown in a fungal culture medium without yeast extract 
or tryptone and cellobiose was replaced by different substrates (Table 1) as a carbon 
source (Hanafy et al. 2017; Hanafy et al. 2018). Following initial growth for 2 d on 
monosaccharides and disaccharides and 5 d on polysaccharides, the cultures were sub-
cultured three times at 10% inoculum size to evaluate their substrate utilisation abili-
ties. The growth was measured in terms of visible biomass accumulation and total gas 
production. The cultures were scored based on their ability to grow luxuriantly (++) 
or slowly (+) within the stipulated incubation periods or following extended incuba-
tion up to 10 days. The avicelase, CMCase, xylanase and β-glucosidase activities of 
type strain were also determined following its growth on cellulose, xylan, wheat straw 
and rice straw for 5 d as per the method described previously (Dagar et al. 2018). The 
fermentation gases (H2, CO2), volatile fatty acids (VFAs; acetate, propionate, butyrate 
etc.) and alcohols (ethanol and butanol) of growth positive substrates were determined 
using gas chromatographs equipped with flame ionisation or thermal conductivity de-
tectors, similar to previous reports (Dighe et al. 1998; Kamalaskar et al. 2010; Singh 
et al. 2016). The organic acids (formate, lactate, succinate, malate etc.) were analysed 
using HPLC LC20A (Shimadzu, Japan) equipped with a refractive index detector 
(Thakker et al. 2006). An ordination of the obtained fermentation products was also 
generated to see if there is any pattern of substrate utilisation using Non-metric Mul-
tidimensional Scaling (NMDS) analysis based on the distance matrix in PAST 3.20 
software (Hammer et al. 2001).
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Table 1. Substrate utilisation pattern of Liebetanzomyces polymorphus strains G1SC and G6SC compared 
with other genera of monocentric and uniflagellate filamentous anaerobic fungi.

Substrate Lp Am Pc Pr

Polysaccharide

Rice straw ++ ND ND ND
Wheat straw ++ ND ND ND
Cellulose ++ ++ ++ ++
Xylan ++ ++ ++ ++
Starch ++ ++ ++ ++
Inulin – – – ++
Raffinose – – ++ ++
Chitin – ND ND –
Alginate – ND ND –
Pectin ++ – – –

Disaccharide

Cellobiose ++ ++ ++ ++
Sucrose  + ++ ++ ++
Maltose ++ ++ ++ ++
Trehalose – ND ND +
Lactose  + + ++ –

Monosaccharide

Glucose ++ ++ ++ ++
Xylose ++ ++ ++ ++
Mannose – – – ++
Fructose ++ ++ ++ ++
Arabinose – – – –
Ribose – ND – –
Glucuronic acid – ND ND –
Galactose – – – –

Peptide
Peptone – ND ND –
Tryptone – ND ND – 

Strains: Lp Liebetanzomyces polymorphus strain G1SC and G6SC Am Anaeromyces mucronatus strain BF2 (Breton et al. 1990) 
Pc Piromyces communis strain SM5 (Trinci et al. 1994) Pr Pecoramyces ruminantium strain C1A and S4B (Hanafy et al. 2017).
– (negative), ++ (positive), + (weak growth/ slow growth/ growth visible after 4–10 d of incubation), ND (not documented)

Results and discussion

Growth and morphological characterisation

For the routine anaerobic fungal isolation, the inoculated roll tubes are usually incu-
bated for 2–4 d after which the developed colonies are picked anaerobically and pure 
cultures are obtained. However, we chose to incubate the roll tubes for an extended 
period of time i.e. up to 3 weeks. The decision for extended incubation was taken 
in the wake of the fact that several genera of anaerobic fungi remain to be uncul-
tured and incubation time may be one of the limiting factors. As shorter incubation 
times favours fast-growing cultures, some slow growing cultures might be omitted 
and which may grow after prolonged incubation. The prolonged incubation might 
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also help some cultures to cope better in stressed conditions of different growth envi-
ronment, the presence of antibiotics or some oxygen exposure during sample collec-
tion or processing. In a previous study, prolonged incubation was recommended for 
the isolation of anaerobic bacteria from clinical specimens and correct bacteriological 
diagnosis (Wren 1980). Janssen et al. (2002) also speculated that the extended incu-
bation period may help isolation of previously uncultured groups of soil bacteria. In 
this case, the extended incubation of 15 d resulted in the development of two fungal 
colonies, but no further growth even after 21 d of incubation. Following isolation and 
establishment of pure cultures, the morphological, molecular and substrate utilisation 
characteristics of both strains, namely G1SC and G6SC were found to be identical. 
Therefore, one of them, i.e. strain G1SC, was denoted as the type strain and used for 
detailed characterisation. The type strain has been deposited to the MACS collection 
of microorganisms (MCM), Agharkar Research Institute, Pune, India under the ac-
cession number MCMB-1469.

The colony morphology of strain G1SC is shown in Fig. 1A–C, showing 1–2 mm 
sized colony, attached to rice straw (Fig. 1A) and at different stages of growth. A large 
number of newly formed sporangia at the periphery of the colony were observed, as 
shown by numerous dot-like structures of varying sizes (Fig. 1B–C). A similar obser-
vation was also made in broth culture, where numerous fungal thalli, attached to the 
bottom of glass bottles, were seen on the initial period of growth (Suppl. material 1: 
Figure S1), which later developed into a thin mat or biofilm-like structure (Fig. 1D) 
similar to Pecoramyces (Hanafy et al. 2017). Zoospores were abundantly produced, 
mostly uniflagellate (Fig. 1E–F) and rarely biflagellate (Fig. 1G), spherical to ovoid 
in size (5–6 µm in diameter) and the flagellum 15–20 µm in length. The zoospores 
were found to germinate either endogenously or exogenously (Fig. 1H–I) into dif-
ferent shapes of sporangia (Fig. 1J) like globose or ellipsoidal at the very early stages 
of development. Different forms of rhizoidal development, like long single rhizoid 
(Fig. 1K), two rhizoids (Fig. 1L) and even multiple rhizoids originating from sporangia 
(Fig. 1M), were also seen.

We also noticed pleomorphism in sporangial and rhizoidal structures of strain 
G1SC on different substrates like rice straw (Fig. 2A), wheat straw (Fig. 2B), cellulose 
(Fig. 2C), xylan (Fig. 2D), starch (Fig. 2E), cellobiose (Fig. 2F), lactose (Fig. 2G), 
maltose (Fig. 2H), sucrose (Fig. 2I), glucose (Fig. 2J), xylose (Fig. 2K) and fructose 
(Fig. 2L). In the case of complex substrates like rice straw, wheat straw, cellulose and 
xylan, the rhizoidal growth was observed to be more extensively branched. Conversely, 
thicker and less branched rhizoidal growth was noticed on dimeric and monomeric 
substrates, probably due to the ready availability of fermentable sugars. It was also 
observed that, on rice and wheat straw, an exogenous type of sporangia development 
with short or long sporangiophores was more prominent in comparison to endogenous 
sporangia on all other substrates. The presence of sporangiophores on complex straw 
particles might be helpful for sporangia to come out of straw and release zoospores 
to further areas for faster colonisation. The pleomorphism, in morphological features 
with a change in culture conditions, particularly with carbon source, is also well de-
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Figure 1. Macroscopic and microscopic features of Liebetanzomyces polymorphus. Colony morphology on 
agar roll tubes (A–C), showing the development of a colony attached (A) to a straw particle (arrowed), 
dense growth in the centre surrounded by numerous sporangia and zoospores (B–C) causing expansion 
of colony size. Growth in liquid medium showing a biofilm-like growth (D). Zoospores are spherical and 
Uniflagellate (E–F) or biflagellate (G). Germinating zoospore (H) showing a zoospore cyst (arrowed), 
presence and absence of sporangiophore indicating the endogenous and exogenous type of sporangial 
development (I) and different shapes of sporangia (I, J). Early stages of thallus development showing a 
single (K), bifurcated (L) and multifurcated (M) rhizoidal system. Scale bar: 1 mm (A–C); 10 µM (E–M).
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Figure 2. Microscopic features of Liebetanzomyces polymorphus showing pleomorphism in sporangial and 
rhizoidal structures, when grown on different carbon sources like rice straw (A), wheat straw (B), cellulose 
(C), xylan (D), starch (E), cellobiose (F), lactose (G), maltose (H), sucrose (I), glucose (J), xylose (K) and 
fructose (L). The exogenous sporangia appearing on a sporangiophore (A–B) and endogenous sporangia 
of different shapes (C–L) are shown. Scale bar: 20 µM.
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scribed earlier (Brookman et al. 2000; Gruninger et al. 2014). However, the sporan-
gial shapes varied, not only on different carbon sources, but also on the same carbon 
source (Fig. 3). Different sporangial shapes like globose, ellipsoid, clavate, ovoid, with 
or without a papilla were noticed on the same substrate i.e. rice straw as shown in 
Fig. 3A–F. Similar polymorphism was also observed on several other substrates, e.g. 
xylose (Fig. 3G–I) and cellobiose (Fig. 3J–L), where conspicuous irregular sporangial 
structures were seen. These findings, therefore, highlight the pleomorphic nature of 
strain G1SC, irrespective of the carbon sources used in the growth medium.

The sporangial size also varied in diameter (10–90 µm wide, 10–75 µm long), 
always borne at the terminal end of a variable length sporangiophore (15–80 µm), in 
the case of exogenous development. Several cyst-like structures were also visible on the 
sporangiophore (Fig. 3A–C) highlighting bipolar germination of zoospores. In some 
cases, an eggcup shaped sporangiophore at the bottom of sporangium (Fig. 3C) and a 
constricted sporangiophore were also noted (Fig. 3E). In the case of soluble substrates, 
few pseudo-intercalary sporangia, similar to Oontomyces and Feramyces (Dagar et al. 
2015; Hanafy et al. 2018), were also noted (Fig. 3J–L). The thallus development was 
clearly monocentric as evident by the mature sporangia full of zoospores (Fig. 4A–
D, I), anucleated rhizoids (Fig. 4E–I) and a single thallus having a single sporangium 
(Fig. 4J–K). All these morphological features were similar to various Piromyces spp., 
Buwchfawromyces, Oontomyces and Pecoramyces, which also have the monocentric thal-
lus and extensive variations in sporangial shape and size and produce uniflagellate zoo-
spores (Ho and Barr 1995). Similar to P. rhizinflatus, the sporangia of strain G1SC 
showed a constricted, isthmus-like neck (Fig. 2C, J), sporangiophore appearing like an 
eggcup (Fig. 3C) like in P. communis and sporangium with a papilla (Fig. 3D) similar 
to P. mae (Ho and Barr 1995; Li et al. 1990).

The similarities in morphological features of monocentric and uniflagellate gen-
era make it very difficult to identify and differentiate this group of anaerobic fungi. 
It is also interesting to note that, so far, the maximum number of species has been 
described in the Piromyces genus and most of the newly described genera of anaerobic 
fungi share morphological similarities with these different species, including strain 
G1SC. These observations point towards the possibility that some of these newly 
described genera might have been isolated previously as well but were identified as 
different species of Piromyces. It is also worth noting that all newly described genera 
have primarily been described using molecular tools, thus emphasising the need to use 
these modern tools.

Molecular characterisation and phylogenetic analysis

The successful amplification of ITS and LSU regions yielded product sizes of ca. 700 bp 
and 750 bp, respectively. The obtained sequences were submitted to NCBI GenBank 
to obtain the accession numbers for strain G1SC (MH468765 and MH468763; ITS 
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Figure 3. Microscopic images of Liebetanzomyces polymorphus. On rice straw (A–F) sporangia of varying 
sizes and shapes, like elongate (A), ellipsoid (B), ovoid (C), clavate (E) and globose (F). The zoospore cyst 
(A–C arrowed) is also visible, highlighting bipolar germination. Sporangiophore of varying length and 
shape, from short to long (A), sometimes eggcup shaped (C) and constricted (E arrowed) is shown. The 
sporangia with a papilla (D arrowed) and septum (B, C, D, E starred) are also indicated. Sporangia and 
thalli of irregular morphology on xylose (G–I) and cellobiose (J–L), including some pseudo-intercalary 
sporangia (J–L) can be observed. Scale bar: 20 µM.
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Figure 4. Phase contrast (A, C, E, G), fluorescence (B, D, F, H) and confocal (I) microscopic images of 
Liebetanzomyces polymorphus showing elongate (A–B) and triangular (C–D) sporangium filled with zoo-
spores. Nuclei were seen in sporangium but not in sporangiophore (B) or rhizoidal system (F, H, I). No 
constrictions were observed in rhizoids. Scanning electron microscopy images of elongate (J) and globose 
(K) sporangium showing monocentric thallus. Scale bar: 20 µM (A–I); 10 µM (J–K).

and LSU) and G6SC (MH468766 and MH468764; ITS and LSU). The ITS region 
based sequence similarity search results showed that strain G1SC was 88.14% and 
87.03% similar to A. robustus (accession number: NR 148182) and A. contortus (ac-
cession number: MG605706), respectively. Likewise, the LSU region of strain G1SC 
was most closely similar (97.71%) to A. contortus (accession number: MG605690). 
Although the sequence similarity of ca. 97% usually relates to a novel culture at the 
species level with its nearest match, the stark morphological dissimilarities of strain 
G1SC with A. contortus led to its classification as a novel genus.

To better understand the ecological distribution of strain G1SC, only ITS1 based 
searches were performed, which indicated <96% sequence similarities with several un-
cultured representatives of phylum Neocallimastigomycota (Suppl. material 2: Fig-
ure S2) reported from the USA (Liggenstoffer et al. 2010). The nearest matches were 
with different clones obtained from cattle (93–96%) and other clones of cattle, sheep 
and llama (88%-92%), indicating the presence of members of the G1SC clade in cat-
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tle and close relatives in sheep and llama. The nearest matches of G1SC clade were 
also found in the SP4 clade designated by Paul et al. (2018), represented by accession 
number GQ767184, which consisted of 120 sequences of uncultured fungi, all from 
cattle faeces. The results, hence, indicate the presence of related fungi in both large as 
well as small ruminants. Surprisingly, no similar sequences were obtained from goat, 
which might be due to a lesser number of culture-independent studies conducted on 
these animals. The phylogenetic analysis of LSU and ITS1 regions showed distinct 
lineage for the G1SC clade, supported by high bootstrap values (Fig. 5 and Fig. 6), 
nearest to the Anaeromyces cluster. The results, therefore, underscore the importance 
of morphology-based identifications along with molecular tools, as none on its own 
can be relied on for accurate identification of anaerobic fungi.

Substrate utilisation, enzyme activities and fermentation product analyses

The substrate utilisation profiles of strains G1SC and G6SC exhibited exactly identi-
cal patterns (Table 1). Both these strains could utilise various polymeric and mono-
meric substrates. Our results were also compared to substrate utilisation profiles of 
other genera of monocentric and uniflagellate filamentous anaerobic fungi. All these 
genera were found to utilise cellulose, xylan, starch, cellobiose, sucrose, maltose, glu-
cose and fructose, while none utilised chitin, ribose, peptone and tryptone as the sole 
carbon and energy source. For inulin, raffinose, alginate, pectin, trehalose, mannose, 
arabinose, glucuronic acid and galactose, varying results were obtained. Interestingly, 
only strains G1SC and G6SC were found positive for pectin utilisation amongst 
compared genera.

The enzyme activities (µmol/ml/h) of type strain G1SC showed maximum en-
zyme activities on crude substrates like rice straw and wheat straw, instead of pure 
cellulose and xylan (Table 2). The highest avicelase (1.05 ± 0.19) and xylanase (88.33 
± 1.00) activities were obtained on rice straw, while highest CMCase (7.73 ± 0.31) 
and β-glucosidase (1.64 ± 0.08) activities were measured in wheat straw. When com-
pared to the enzyme activities of Neocallimastix, Piromyces, Orpinomyces and Anaero-
myces, grown on wheat straw (Dagar et al. 2018), the strain G1SC displayed poor 
β-glucosidase activities. The avicelase activities of strain G1SC were comparable to 
Orpinomyces and Anaeromyces, but lower than most strains of Neocallimastix and Piro-
myces. The CMCase and xylanase activities of strain G1SC were comparable to Orpino-
myces, Neocallimastix and most strains of Piromyces, but higher than Anaeromyces. These 
results suggest that strain G1SC is a moderate lignocellulose degrader and can be of use 
in applications involving lignocellulose degradation.

Figure 5. The LSU based maximum-likelihood tree is showing the phylogenetic position of Liebetanzo-
myces polymorphus with other members of phylum Neocallimastigomycota. Bootstrap values (>50%) based 
on 500 replicates are indicated at branching points. The GenBank accession number of each strain is listed 
in parentheses. Scale bar: 0.1 substitutions per site.
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The substrate utilisation results were also confirmed by measuring the fermen-
tation products on each substrate (Table 3). The strain G1SC produced hydrogen, 
carbon dioxide, formate, acetate, lactate, succinate and ethanol on all substrates, but 
did not produce propionate, butyrate, butanol or malate which is in line with the 
previous reports (Trinci et al. 1994; Edwards et al. 2017). The absence of propionate 
and butyrate also implies that there was no bacterial contamination and all products 
are solely of fungal origin. The fermentation product quantities also indicated the ef-
ficiency of substrate utilisation. The substrates like sucrose and lactose, which recorded 
poor growth after 2 d of incubation, also showed lesser production of formate, acetate 

Figure 6. The ITS1 based maximum-likelihood tree is showing the phylogenetic position of Liebetanzo-
myces polymorphus with nearest uncultured clones and other members of phylum Neocallimastigomycota. 
Bootstrap values (>50%) based on 500 replicates are indicated at branching points. The GenBank acces-
sion number of each strain is listed in parentheses. Scale bar: 0.5 substitutions per site.

Table 2. Enzyme activities (µmol/mL/h) of Liebetanzomyces polymorphus strain G1SC on different sub-
strates at 5 d of incubation.

Enzyme activity
Substrate used

Rice straw Wheat straw Cellulose Xylan

Avicelase 1.05 ± 0.19 0.68 ± 0.10 0.73 ± 0.06 –

CMCase 4.55 ± 0.14 7.73 ± 0.31 5.56 ± 0.98 –

Xylanase 88.33 ± 1.00 79.44 ± 0.11 – 54.69 ± 2.31

Β-glucosidase 1.53 ± 0.07 1.64 ± 0.08 0.69 ± 0.02

– ±: standard deviation of three replicates.

Table 3. Fermentation products of Liebetanzomyces polymorphus strain G1SC on different substrates after 
2 d of incubation.

Substrate
Fermentation product (in mM)

Hydrogen Carbon 
dioxide Formate Acetate Lactate Succinate Ethanol

Rice straw 58.10 ± 3.57 4.82 ± 0.16 16.43 ± 0.04 26.07 ± 0.24 1.79 ± 0.04 0.29 ± 0.00 10.35 ± 0.05
Wheat 
straw 45.42 ± 2.98 5.46 ± 0.13 11.44 ± 0.07 19.77 ± 0.44 1.72 ± 0.04 0.24 ± 0.00 8.27 ± 0.13

Cellulose 26.86 ± 3.11 6.38 ± 0.05 4.61 ± 0.05 13.26 ± 0.52 0.73 ± 0.02 ND 7.27 ± 0.01
Xylan 27.71 ± 2.48 7.12 ± 0.11 5.01 ± 0.06 8.30 ± 0.12 4.01 ± 0.06 0.12 ± 0.00 6.96 ± 0.03
Starch 44.09 ± 0.54 5.99 ± 0.03 9.45 ± 0.10 14.58 ± 0.28 15.11 ± 0.38 0.34 ± 0.00 7.69 ± 0.13
Pectin 42.59 ± 1.18 6.38 ± 0.09 7.64 ± 0.08 11.32 ± 0.22 3.56 ± 0.04 0.15 ± 0.01 8.01 ± 0.12
Cellobiose 58.05 ± 0.63 5.64 ± 0.03 9.75 ± 0.02 15.69 ± 0.29 9.35 ± 0.04 0.30 ± 0.01 8.46 ± 0.04
Sucrose 29.21 ± 1.02 6.99 ± 0.05 3.77 ± 0.10 7.61 ± 0.44 0.66 ± 0.00 ND 9.11 ± 0.06
Maltose 53.26 ± 3.01 5.59 ± 0.12 8.26 ± 0.13 17.45 ± 0.40 10.16 ± 0.06 0.22 ± 0.00 7.85 ± 0.05
Lactose 39.08 ± 1.83 6.51 ± 0.08 4.26 ± 0.01 8.98 ± 0.13 0.47 ± 0.01 ND 8.52 ± 0.04
Glucose 49.79 ± 0.86 5.84 ± 0.04 10.11 ± 0.18 16.75 ± 0.19 7.18 ± 0.02 0.31 ± 0.00 8.65 ± 0.09
Xylose 53.80 ± 1.41 5.62 ± 0.09 8.38 ± 0.19 12.58 ± 0.47 7.90 ± 0.06 0.16 ± 0.00 8.39 ± 0.03
Fructose 61.05 ± 1.59 5.28 ± 0.06 11.79 ± 0.05 17.05 ± 0.71 15.97 ± 0.03 0.30 ± 0.00 9.10 ± 0.05

– ±: standard deviation of three replicates.
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and lactate and the absence of succinate. Likewise, the polymeric substrate like rice 
straw, wheat straw, cellulose and xylan showed lesser production of hydrogen, formate, 
acetate, lactate, succinate and ethanol at 2 d of incubation (Table 3), which increased 
substantially after 5 d (Suppl. material 4: Table S1). The NMDS plot showed clear 
clustering of various carbon sources based on fermentation products, an observation 
duly supported by a low stress value (Suppl. material 3: Figure S3). These results, 
therefore, signify the usefulness of metabolite profiling for measuring the substrate 
utilisation abilities of anaerobic fungi.

Liebetanzomyces polymorphus Joshi, G.W. Griff. & Dagar, gen. et sp. nov.
Registration identifier (genus): IF554794
Registration identifier (species): IF554795

Diagnosis. Strictly anaerobic fungus with determinate, monocentric thallus with sin-
gle terminal sporangium of varying shape and size and uniflagellate zoospores. The 
clade is defined by the sequences accession numbers MH468765 (ITS1, 5.8S, ITS2 
complete) and MH468763 (LSU, partial sequence). The most genetically similar genus 
is Anaeromyces, which is defined as forming a polycentric thallus (Breton et al. 1990.
FEMS Microbiol. Lett. 58, p.177), in contrast to the monocentric Liebetanzomyces.

A strict anaerobic fungus, isolated from the rumen of a goat. In roll tubes of cel-
lobiose agar medium, the fungus forms medium to large circular colonies (0.5–2 mm 
diam.). In liquid cellobiose medium, the fungal thalli attach to the sides and bottom 
of glass bottles. Monocentric thallus development, producing a single terminal spo-
rangium per thallus. Also, the fungus produces few pseudo-intercalary sporangia but 
only on soluble substrates. An extensive anucleate rhizoidal system without constric-
tions is formed. The sporangia vary in size (10–90 µm wide, 10–75 µm long), shape 
(globose, ellipsoid, clavate, ovoid, elongate or irregular) and sometimes bear papillae. 
The sporangium is borne on variable length sporangiophore (15–80 µm), sometimes 
forming an eggcup-like structure below the sporangium or showing cyst-like structure. 
Zoospores are produced abundantly, mostly uniflagellate, rarely biflagellate, spherical 
(5–6 µm in diameter) in size and flagellum of 15–20 µm in length. The zoospores may 
germinate either endogenously or exogenously. The clade is defined by the sequences 
accession numbers MH468765 (ITS1, 5.8S, ITS2 complete) and MH468763 (LSU, 
partial sequence). The ex-type culture (strain G1SC) is stored cryogenically in liquid 
nitrogen at bioenergy group, Agharkar Research Institute, Pune, India. The holotype 
is a 3 d old culture of G1SC preserved in 5% glutaraldehyde and deposited at the 
MACS-collection of microorganisms (MCM) of Agharkar Research Institute, Pune, 
India and isotype material at the Aberystwyth University biorepository (code ABS).

Etymology. ‘Liebetanz’ is assigned to honour Erwin Liebetanz (Liebetanz 1910) 
by taking all nine letters of his surname (i.e. LIEBETANZ) and who was the first to 
observe anaerobic gut fungus Piromyces as a flagellated organism in 1910; myces = the 
Greek name for fungus.
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The specific epithet polymorphus is for different polymorphic sporangial shapes 
displayed by this fungus.

Conclusions

The morphological and molecular characterisation results clearly indicate that the 
strain G1SC represents a novel genus Liebetanzomyces polymorphus in the phylum 
Neocallimastigomycota. Liebetanzomyces polymorphus displays a monocentric thallus 
and produces uniflagellate zoospores, thus, it is morphologically similar to Piromyces, 
Buwchfawromyces, Oontomyces and Pecoramyces. Liebetanzomyces polymorphus exhibits 
extensive sporangial variations and is genetically near but dissimilar to Anaeromyces. 
The ITS1 and LSU based phylogenetic analysis also confirmed the distinct lineage 
of Liebetanzomyces polymorphus. The results suggest that both morphological and 
molecular tools should be used in tandem to determine the uniqueness of any an-
aerobic fungal culture, as the use of either one independently can result in a wrong 
identification.
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Abstract
Nine species of Dichostereum were subjected to phylogenetic analyses, based on a combined dataset of 
ITS1-5.8S-ITS2-nrLSU-tef1 sequences. The morphology of specimens collected from China and Aus-
tralia were studied. Three species, D. austrosinense, D. boidinii and D. eburneum, collected from southern 
China, are described and illustrated as new to science, based on the morphological and molecular evi-
dence. Dichostereum austrosinense is characterised by the relatively large gloeocystidia (80–130 × 8–15 µm) 
and basidiospores (7.3–8 µm in diam.) with large warts and crests. Dichostereum boidinii is distinguished 
by its thick basidiomata and relatively small basidiospores (5.5–6.5 µm in diam.) with large warts and 
crests. Dichostereum eburneum is unique in having pale basidiomata growing on bark of living Castanopsis, 
abundant crystals in the context and basidiospores with dense and large ornamentations. A key to the 5 
species of Dichostereum in China is given.

Keywords
Amyloid basidiospores; corticioid fungi; dichohyphae; Peniophoraceae; Vararia 

Introduction

Dichostereum Pilát, typified with D. durum (Bourdot & Galzin) Pilát, is a small and 
well-delimited corticioid genus in Russulales. It is characterised by resupinate basidi-
omata with smooth or grandinioid hymenophore, dimitic hyphal system with dex-
trinoid dichohyphae and clamped generative hyphae, gloeocystidia and ellipsoid or 
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subglobose, ornamented basidiospores with a strong amyloid reaction in Melzer’s rea-
gent (Hallenberg 1985; Bernicchia and Gorjón 2010). Previously, Dichostereum was 
placed in Lachnocladiaceae, which includes genera with dextrinoid skeletal hyphae 
(Reid 1965; Parmasto 1968, 1970; Hallenberg 1985). However, recent phylogenetic 
analyses, based on DNA sequences, showed that Dichostereum formed a monophyletic 
lineage in the Peniophoraceae clade, which includes genera with or without dextrinoid 
hyphae (Larsson and Larsson 2003; Miller et al. 2006; Larsson 2007).

Dichostereum was once treated as a subgenus of Vararia P. Karst. (Peniophoraceae, 
Russulales) by some mycologists since the two genera are very similar in morphology 
except that the latter has smooth basidiospores (Boidin 1967; Parmasto 1970; Lanque-
tin 1973). Boidin and Lanquetin (1977) emended the description of Dichostereum and 
retained it as a separate genus. Later, Boidin and Lanquetin (1980) monographed the 
genus and provided a key to its 11 species based on evidence of morphology, distribu-
tion and intercompatibility tests of cultures. Based on limited sampling, their results 
showed that D. effuscatum (Cooke & Ellis) Boidin & Lanq. and D. granulosum (Pers.) 
Boidin & Lanq. were widely distributed, while the other species seemed to be rather 
endemic (Boidin and Lanquetin 1980). Few studies on the genus have been carried 
out since then and many regions including East Asia need further collecting and study 
(Boidin et al. 1987, Boidin and Michel 1998).

Previously, two species, Dichostereum boreale (Pouzar) Ginns & M.N.L. Lefebvre 
(= D. granulosum) and D. pallescens (Schwein.) Boidin & Lanq., were reported in tem-
perate China (Dai 2011). The species diversity of the genus in China is still unclear. 
In the present paper, we provide a morphological and phylogenetic study of the genus 
based on specimens mostly collected from southern China. This is part of an ongoing 
study of the corticioid fungi of the Russulales in China.

Materials and methods

Morphological studies

Voucher specimens were deposited in the herbaria of Beijing Forestry University, 
Beijing, China (BJFC) and in the Centre for Forest Mycology Research, U.S. Forest 
Service, Madison, USA (CFMR). Freehand sections were made from dried basidi-
omata and mounted in 2% (w/v) potassium hydroxide (KOH), 1% phloxine (w/v) 
or Melzer’s reagent. Microscopic examinations were carried out with a Nikon Eclipse 
80i microscope (Nikon Corporation, Japan) at magnifications up to 1000×. Drawings 
were made with the aid of a drawing tube. All measurements were carried out with 
sections mounted in Melzer’s reagent. Ornamentations were excluded from the meas-
urements of basidiospores. Scanning electron micrographs (SEM) were taken with a 
JEOL JSM-6700F microscope (JEOL, Japan). Dried specimens were mounted directly 
in gold and platinum and examined and photographed at 10.0 kV. Colour names and 
codes follow Kornerup and Wanscher (1978). Herbarium code designations are from 
Index Herbariorum (Thiers, continuously updated).
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DNA extraction and sequencing

The CTAB plant genome rapid extraction kit DN14 (Aidlab Biotechnologies Co. Ltd, 
Beijing) was used for DNA extraction and PCR amplification from dried specimens 
or cultures. The ITS, partial nrLSU and tef1 markers were amplified with the prim-
er pairs ITS5/ITS4 (White et al. 1990), LR0R/LR7 (Vilgalys and Hester 1990) and 
983F/1567R (Rehner and Buckley 2005), respectively. The PCR procedures followed 
Dai and He (2016). DNA sequencing was performed at Beijing Genomics Institute 
and the sequences were deposited in GenBank (Benson et al. 2018). The sequence qual-
ity control followed Nilsson et al. (2012). BioEdit v.7.0.5.3 (Hall 1999) and Geneious 
v.11.1.15 (Kearse et al. 2012) were used for chromatogram check and contig assembly.

Phylogenetic analyses

The molecular phylogeny was inferred from a combined dataset of ITS1-5.8S-ITS2-
nrLSU-tef1 sequences of representative members of Peniophoraceae sensu Larsson 
(2007) (Table 1). Echinodontium tinctorium (Ellis & Everh.) Ellis & Everh. was se-
lected as the outgroup (Liu et al. 2017a). The sequences of the three markers (ITS, 
nrLSU and tef1) were aligned separately using MAFFT v.7 (Katoh et al. 2017, http://
mafft.cbrc.jp/alignment/server/) with the G-INS-i iterative refinement algorithm and 
optimised manually in BioEdit v.7.0.5.3. The programme Gblocks v.0.91b (Castresana 
2000) was then used to exclude poorly aligned positions of the ITS alignment. The 
separate alignments were concatenated using Mesquite v.3.5.1 (Maddison and Maddi-
son 2018). The combined alignments were deposited in TreeBase (http://treebase.org/
treebase-web/home.html, submission ID: 23332).

For both Maximum Likelihood (ML) and Bayesian Inference (BI), a partitioned anal-
ysis was performed with the following five partitions: ITS1, 5.8S, ITS2, nrLSU and tef1. 
The ML analysis was performed using RAxML v.8.2.10 (Stamatakis 2014) with the boot-
strap values (ML-BS) obtained from 1,000 replicates and the GTRGAMMA model of nu-
cleotide evolution. The maximum parsimony (MP) analysis was performed using PAUP* 
4.0a162 (Swofford 2003). Trees were generated using 100 replicates of random stepwise 
addition of sequence and tree-bisection reconnection (TBR) branch-swapping algorithm 
with all characters given equal weight. Branch supports (MP-BS) for all parsimony analy-
ses were estimated by performing 1,000 bootstrap replicates with a heuristic search of 
10 random-addition replicates for each bootstrap replicate. The BI was performed using 
MrBayes 3.2.6 (Ronquist et al. 2012). The best-fit substitution model for each partitioned 
locus was estimated separately with jModeltest v.2.17 (Darriba et al. 2012). Four Markov 
chains were run for 6,000,000 generations until the split deviation frequency value was 
lower than 0.01. The convergence of the runs was checked using Tracer v.1.7 (Rambaut et 
al. 2018). Trees were sampled every 100th generation. The first quarter of the trees, which 
represented the burn-in phase of the analyses, was discarded and the remaining trees were 
used to calculate Bayesian posterior probabilities (BPP) in the majority rule consensus 
tree. All trees were visualised in FigTree 1.4.2 (Rambaut 2014).
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Table 1. Species and sequences used in the phylogenetic analyses. Newly generated sequences are set in 
bold. Holotypes are marked with *.

Taxa Voucher Locality ITS nrLSU tef1
Asterostroma bambusicola He 4132 Thailand KY263865 KY263871 MH669240
A. cervicolor He 4020 China KY263859 KY263869 –
Baltazaria eurasiaticogalactina CBS 666.84 France – AY293211 –
B. octopodites FLOR 56449 Brazil MH260025 MH260047 –
Dichostereum austrosinense He 4871* China MH538317 MH538334 –

He 4316 China MH538316 MH538335 –
He 3551 China MH538314 – MH550363

D. boidinii He 5026* China MH538324 MH538330 –
He 1662 China MH538309 – MH550360
He 4410 China MH538315 MH538331 MH550361
He 462 China MH538311 – –

Dai 16117 China MH538312 MH538327 MH550362
D. durum Fungi Gallici 

1985 France AF506429 AF506429 –

D. eburneum He 5374* China MH538318 MH538337 MH550366
D. effuscatum GG 930915 France AF506390 AF506390 –

FP 101758 Sp USA MH538323 MH538336 MH550367
CBS 516.80 USA – AF323739 –

D. granulosum NH 7137 Canada AF506391 AF506391 –
FP 133479 Sp USA MH538321 MH538333 MH550368

He 1887 China MH538313 MH538332 –
D. pallescens Kropp 2 USA MH538320 MH538326 MH550365

CBS 717.81 USA – AF518614 –
He 3266 China MH538310 MH538325 MH550364

D. aff. pallescens KHL 10258 Puerto 
Rico AF506428 AF506428 –

D. rhodosporum Dai 18625A Australia MH538319 MH538329 MH550370
D. sordulentum FP 11735 Sp USA MH538322 MH538328 MH550369
Duportella tristicula He 4775 China MH669235 MH669239 MH669245
Echinodontium tinctorium HHB 12866 Sp USA KY172888 KY172903 MH550371
Gloiothele lactescens EL 8-98 Sweden AF506453 AF506453 –
G. lamellosa KHL11031 Venezuela AF506454 AF506454 –
Lachnocladium cf. brasiliense CALD 161213-

1 Brazil MH260037 MH260055 –

L. schweinfurthianum KM 49740 Cameroon MH260033 MH260051 –
L. sp. KHL10556 Jamaica AF506461 AF506461 –
Parapterulicium subarbusculum FLOR 56456 Brazil MH260026 MH260026 –

FLOR 56459 Brazil MH260027 MH260049 –
Peniophora polygonia He 3668 China MH669233 MH669237 MH669243
P. rufa He 2788 China MH669234 MH669238 MH669244
Scytinostroma portentosum EL11-99 Sweden AF506470 AF506470 –
Vararia investiens He 2104 USA – MH669236 MH669242

FP 151122 USA MH971976 MH971977 –
Vesiculomyces citrinus He 3716 China KY860369 KY860429 MH669241
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Results

Phylogenetic inference

The ITS-nrLSU-tef1 sequence dataset contained 37 ITS, 38 nrLSU and 18 tef1 se-
quences from 40 samples representing 26 ingroup taxa and the outgroup (Table 1). 
Twenty ITS, 18 nrLSU and 18 tef1 sequences were generated for this study. The dataset 
had an aligned length of 2239 characters, of which 1596 were constant, 163 variable 
characters were parsimony-uninformative and 480 were parsimony-informative. MP 
analysis yielded six most parsimonious trees. jModelTest suggested TIM2ef+G, K80+G, 
TPM1uf+G, TIM2+I+G and TrN+I+G to be the best-fit models of nucleotide evolu-
tion for ITS1, 5.8S, ITS2, nrLSU and tef1 markers, respectively, for the Bayesian analy-
sis. The average standard deviation of split frequencies of BI was 0.004704 at the end of 
the run. MP and BI analyses resulted in an almost identical tree topology compared to 
the ML analysis. Only the ML tree is shown in Fig. 1 with ML and MP bootstrap values 
≥50% and Bayesian posterior probabilities ≥0.95 labelled along the branches.

In the tree (Fig. 1), the nine sampled species of Dichostereum formed a strongly 
supported clade in Peniophoraceae (ML-BS = 91, MP-BS = 97, BPP = 1.00). Vararia 
investiens (Schwein.) P. Karst., the generic type of Vararia, formed a sister lineage to 
Dichostereum, but this close relationship did not receive significant support. Of the 
three new species, samples of D. austrosinense and D. boidinii formed two strongly 
supported lineages, whilst the single specimen of D. eburneum formed the sister taxon 
to D. boidinii and D. aff. pallescens. Dichostereum effuscatum from France and USA and 
both D. granulosum and D. pallescens from north America and China, formed three 
strongly supported lineages. Single samples of D. durum from France, D. rhodosporum 
from Australia and D. sordulentum from USA formed their own distinct lineages.

Taxonomy

Dichostereum austrosinense S.H. He & S.L. Liu, sp. nov. 
MycoBank: MB826931
Figs 2a, 3, 6a

Typification. CHINA. Guangxi Autonomous Region, Jinxiu County, Dayaoshan Na-
ture Reserve, Shengtangshan, on fallen angiosperm trunk, 15 Jul 2017, He 4871 (holo-
type, BJFC 024390, ITS GenBank accession number: MH538317; isotype in CFMR).

Etymology. “austrosinense” referring to the distribution in southern China.
Basidiomata. Perennial, resupinate, effused, closely adnate, inseparable from sub-

strates, coriaceous to soft corky, at first as irregular small patches, later confluent up to 15 
cm long, 4.5 cm wide, up to 1 mm thick. Hymenophore surface smooth, greyish-orange 
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Figure 1. Phylogeny of Dichostereum and representatives of Peniophoraceae inferred from ITS-nrLSU-
tef1 sequences. Topology is from ML analysis with maximum likelihood bootstrap support values (≥50, 
former), parsimony bootstrap support values (≥50, middle) and Bayesian posterior probability values 
(≥0.95, latter) shown along the branches. Different species of Dichostereum are indicated as coloured 
blocks. The new species are set in bold. Scale bar: 0.05 nucleotide substitutions per site.
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Figure 2. Basidiomata of Dichostereum species. a D. austrosinense (holotype, He 4871) b D. boidinii 
(holotype, He 5026) c D. eburneum (holotype, He 5374) d D. granulosum (He 1887) e D. pallescens (He 
3266) f D. rhodosporum (Dai 18625A). Scale bar: 1 cm.

[5B(4–5)], brownish-yellow [5C(7–8)] to light brown [6D(4–8)], not cracking; margin 
abrupt, concolorous or darker than hymenophore surface.

Microscopic structures. Hyphal system dimitic. Context thickening, compact, 
composed of generative hyphae, dichohyphae, embedded basidiospores and scattered 
crystals. Generative hyphae rare, with clamp connections, hyaline, thin- to slightly 
thick-walled, 2–3 µm in diam. Dichohyphae dominant, hyaline to yellow, distinctly 
thick-walled, dichotomously branched with acute tips, weakly dextriniod. Catahyme-
nium composed of dichohyphae, gloeocystidia, basidia and basidioles. Dichohyphae 
in this layer abundant, similar to those in the context, but strongly dextrinoid, more 
slender and more frequently branched, 20–50 µm across, 2–4 µm wide at lowest part. 
Gloeocystidia abundant, subcylindrical to subfusiform, hyaline, slightly thick-walled, 
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Figure 3. Microscopic structures of Dichostereum austrosinense (drawn from the holotype). a Basidi-
ospores b Basidia c Gloeocystidia d Dichohyphae from hymenium e Dichohyphae from subiculum. 
Scale bar: 10 µm.

with or without solidified contents, 80–130 × 8–15 µm. Basidia narrowly cylindrical, 
usually slightly sinuous, hyaline, thin-walled, with 4 sterigmata and a basal clamp con-
nection, 50–80 × 5–8 µm; basidioles in shape similar to basidia, but slightly smaller. 
Basidiospores abundant, subglobose with a distinct apiculus, hyaline to pale yellowish-
brown in KOH, thick-walled, strongly amyloid, (7–) 7.3–8 (–9) µm in diam.; walls 
ornamented with large warts and crests.
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Additional specimens examined. CHINA. Hainan Province, Lingshui County, 
Diaoluoshan Nature Reserve, on fallen angiosperm trunk, 17 Mar 2016, He 3551 
(BJFC 022052); Jiangxi Province, Lianping County, Jiulianshan Nature Reserve, on 
fallen angiosperm branch, 13 Aug 2016, He 4316 (BJFC 023758).

Remarks. Dichostereum austrosinense is overall characterised by the relatively large 
gloeocystidia and basidiospores with large warts and crests. Dichostereum peniopho-
roides (Burt) Boidin & Lanq. is similar to D. austrosinense but differs in having wider 
gloeocystidia (7–22 µm), slightly larger basidiospores (7–9 µm) with larger ornamen-
tations and a distribution in Caribbean regions (Lanquetin 1973; Boidin and Lan-
quetin 1980). Dichostereum austrosinense is also similar to D. rhodosporum (Wakef.) 
Boidin & Lanq. which differs in having paler basidiomata, smaller ornamentations of 
basidiospores and a distribution in Australia and New Zealand (Boidin and Lanquetin 
1980, Figs. 2 and 6).

Dichostereum boidinii S.H. He & S.L. Liu, sp. nov. 
MycoBank: MB826932
Figs 2b, 4, 6b

Typification. CHINA. Hubei Province, Wufeng County, Breeding base of Magnolia, 
on angiosperm stump, 14 Aug 2017, He 5026 (holotype, BJFC 024544, ITS Gen-
Bank accession number: MH538324; isotype in CFMR).

Etymology. “boidinii” (Lat.), named to honour Dr. Jacques Boidin (Lyon, France) 
for his contribution to the taxonomy of Dichostereum.

Basidiomata. Perennial, resupinate to effused-reflexed with slightly elevated 
margin, closely adnate, inseparable from substrates, coriaceous to soft corky, up to 
8 cm long, 4 cm wide, 1.5 mm thick. Hymenophore surface smooth, greyish-orange 
[6B(3–4)], brownish-orange [6C(4–6)] to light brown [6D(4–6)], not cracking; mar-
gin abrupt, concolorous or darker than hymenophore surface.

Microscopic structures. Hyphal system dimitic. Context thickening, compact, 
composed of generative hyphae, dichohyphae, embedded basidiospores and scattered 
crystals. Generative hyphae rare, with clamp connections, hyaline, thin-walled, 2–3 
µm in diam. Dichohyphae dominant, hyaline to yellow, distinctly thick-walled, dex-
triniod. Catahymenium composed of dichohyphae, gloeocystidia, basidia and basidi-
oles. Dichohyphae in this layer abundant, similar to those in the context, but strongly 
dextrinoid, more frequently branched with short terminal branches, 20–40 µm across, 
2–4 µm wide at lowest part. Gloeocystidia abundant, fusiform to subulate, hyaline, 
slightly thick-walled, with solidified contents, 20–60 × 7–12 µm. Basidia subclavate to 
subcylindrical, hyaline, thin-walled, with 4 sterigmata and a basal clamp connection, 
25–40 × 5–7 µm; basidioles in shape similar to basidia, but slightly smaller. Basidi-
ospores subglobose with a distinct apiculus, hyaline to pale yellowish-brown in KOH, 
thick-walled, strongly amyloid, (5–) 5.5–6.5 (–7) µm in diam.; walls ornamented with 
warts and crests.
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Figure 4. Microscopic structures of Dichostereum boidinii (drawn from the holotype). a Basidi-
ospores b Basidia c Gloeocystidia d Dichohyphae from hymenium e Dichohyphae from subiculum. 
Scale bar: 10 µm.

Additional specimens examined. CHINA. Anhui Province, Huangshan County, 
Huangshan Nature Reserve, on fallen angiosperm trunk, 21 Oct 2011, He 462 (BJFC 
012101); Hainan Province, Lingshui County, Diaoluoshan Nature Reserve, on rot-
ten wood of Dacrydium, 13 Nov 2015, Dai 16117 (BJFC 020210); Jiangxi Province, 
Anyuan County, Sanbaishan Forest Park, on fallen angiosperm trunk, 15 Aug 2016, 
He 4410 (BJFC 023851); Yunnan Province, Kunming, Xishan Park, on angiosperm 
stump, 17 Jul 2013, He 1662 (BJFC 016129).

Remarks. Dichostereum boidinii is widely distributed in southern China and main-
ly characterised by the thick, brownish basidiomata and relatively small basidiospores 
with large warts and crests. Dichostereum pallescens is similar to D. boidinii but differs in 
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having slender dichohyphae and smaller and sparser ornamentations of basidiospores 
(Boidin and Lanquetin 1980, Fig. 6). Dichostereum orientale Boidin & Lanq. resembles 
D. boidinii by sharing short terminal branches of dichohyphae, but differs in having 
smaller basidiospores (5–5.5 µm in diam.) and a distribution in Africa (Boidin and 
Lanquetin 1980). The ornamentation of basidiospores of D. boidinii is similar to D. 
austrosinense, but the latter species has larger gloeocystidia, basidia and basidiospores.

Dichostereum eburneum S.H. He & S.L. Liu, sp. nov. 
MycoBank: MB826933
Figs 2c, 5, 6c

Typification. CHINA. Fujian Province, Wuyishan County, Wuyishan Nature Reserve, 
on bark of living Castanopsis, 6 Apr 2018, He 5374 (holotype, BJFC, ITS GenBank 
accession number: MH538318; isotype in CFMR).

Etymology. “eburneum” referring to the white colour of hymenophore.
Basidiomata. Perennial, resupinate, effused, closely adnate, inseparable from sub-

strate, coriaceous, at first as irregular small patches, later confluent up to 7 cm long, 
2 cm wide, 200–500 µm thick. Hymenophore surface smooth, white (5A1), orange 
white (5A2) to greyish-orange [5B(3–4)], cracking with age; margin thinning out, 
concolorous with hymenophore.

Microscopic structures. Hyphal system dimitic. Context thickening, compact, 
composed of generative hyphae, dichohyphae, embedded basidiospores and abundant 
crystals. Generative hyphae rare, with clamp connections, hyaline, thin- to slightly thick-
walled, 2–3 µm in diam. Dichohyphae dominant, hyaline to yellow, distinctly thick-
walled, dextriniod, frequently branched, aseptate, 1–2 µm in diam. Catahymenium 
composed of dichohyphae, gloeocystidia, basidia and basidioles. Dichohyphae in this 
layer abundant, hyaline to pale yellow, distinctly thick-walled, strongly dextriniod, di-
chotomously branched with acute terminal tips, 15–30 µm across, 2–4 µm wide at low-
est part. Gloeocystidia abundant, fusiform to subclavate, hyaline, thin-walled, with so-
lidified contents, 20–50 × 5–10 µm. Basidia subcylindrical with basal part slightly swol-
len, hyaline, thin-walled, with 4 sterigmata and a basal clamp connection, 30–45 × 6–9 
µm; basidioles in shape similar to basidia, but slightly smaller. Basidiospores subglobose 
with a distinct apiculus, hyaline to pale yellowish-brown in KOH, thick-walled, strongly 
amyloid, 6–7 (–8) µm in diam.; walls ornamented with dense, large warts and crests.

Remarks. Dichostereum eburneum is characterised by the pale basidiomata on bark 
of living tree, the presence of abundant crystals in context and basidiospores with 
dense and large ornamentations. Ecologically and macroscopically, D. eburneum re-
sembles Dendrothele Höhn. & Litsch., but the microscopic features are largely different 
(Nakasone and Burdsall 2011). Dichostereum kenyense Boidin & Lanq. is similar to D. 
eburneum by sharing the large ornamentations of basidiospores, but differs in having 
wider span of dichohyphae, slightly larger basidiospores (7–8 µm) and a distribution 
in Africa (Boidin and Lanquetin 1980).
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Figure 5. Microscopic structures of Dichostereum eburneum (drawn from the holotype). a Basidi-
ospores; b Basidia c Gloeocystidia d Dichohyphae from hymenium e Dichohyphae from subiculum. 
Scale bar: 10 µm.

Key to 5 species of Dichostereum in China

1 Hymenophore grandinioid; basidiospores ellipsoid ...............D. granulosum
– Hymenophore smooth; basidiospores subglobose .......................................2
2 Basidiomata white; on bark of living Castanopsis ..................... D. eburneum
– Basidiomata brownish; on dead wood  ........................................................3
3 Gloeocystidia ≥80 µm long ................................................ D. austrosinense
– Gloeocystidia <80 µm long  ........................................................................4
4 Basidiospores 6.5–7.5 µm in diam, ornamentation sparse ........ D. pallescens
– Basidiospores 5.5–6.5 µm in diam, ornamentation dense ...........D. boidinii



Taxonomy and phylogeny of Dichostereum... 123

Figure 6. Scanning electron micrographs (SEM) of basidiospores of Dichostereum. a D. austrosinense (holo-
type, He 4871) b D. boidinii (holotype, He 5026) c D. eburneum (holotype, He 5374) d D. granulosum 
(He 1887) e D. pallescens (He 3266) f D. rhodosporum (Dai 18625A). Scale bar: 1 µm.

Discussion

To date, 14 species of Dichostereum have been described worldwide including the three 
new species in the present paper (Boidin and Lanquetin 1980). Amongst them, 5 spe-
cies, D. brevisporum (S.S. Rattan) Boidin & Lanq. from India, D. kenyense, D. orientale 
and D. ramulosum (Boidin & Lanq.) Boidin & Lanq. from Africa and D. peniopho-
roides from Caribbean regions, were not included in the present analyses. In order to 
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resolve the infra-generic phylogenetic relationships of Dichostereum, samples of these 
species and any additional undescribed taxa should be included.

The family Peniophoraceae sensu Larsson (2007) formed a strongly supported clade 
in Russulales and included about 15 genera (Larsson and Larsson 2003; Miller et al. 
2006; Larsson 2007; Leal-Dutra et al. 2018). Except for the coralloid Lachnocladium 
Lév. and the insect symbiont Entomocorticium H.S. Whitney, Bandoni & Oberw., all the 
other genera in the family are corticioid fungi, such as Asterostroma Massee, Peniophora 
Cooke, Scytinostroma Donk and Vararia. However, recent molecular and morphological 
studies showed that two species of Parapterulicium Corner with coralloid basidiomata 
belong to Peniophoraceae in the Russulales rather than Pterulaceae of the Agaricales 
(Leal-Dutra et al. 2018). In the phylogenetic tree, the type species, Parapterulicium 
subarbusculum Corner formed a distinct lineage, while P. octopodites Corner is closely 
related to Scytinostroma galactinum (Fr.) Donk and its relatives. More studies on the 
taxonomy and phylogeny of Peniophoraceae are needed, since some large genera such 
as Scytinostroma and Vararia are still polyphyletic and many species are undescribed.
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