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Umbilicaria subpolyphylla Oxner: the correct name for U. iberica
Sancho & Krzewicka and its bipolar distribution pattern

Evgeny A. DAVYDOV @), Oleg B. BLUM, Grigory P. KASHEVAROYV and
Vladimir P. GRAKHOVY}

Abstract: The Umbilicaria polyphylla aggregate (U. polyphylla (L.) Baumg., U. subpolyphylla Oxner and
U. iberica Sancho & Krzewicka) is discussed based on morphological, chemical and molecular data.
Umbilicaria iberica is proposed to be a later synonym of U. subpolyphylla. The constructed nrITS +
mtLSU phylogeny, which includes specimens with wide geographical ranges, shows that both U. poly-
phylla and U. subpolyphylla are monophyletic and closely related. Both species have the same type of thal-
loconidia and identical secondary metabolites. Umbilicaria subpolyphylla has prominent phenotypic
differences when compared to U. polyphylla including the monophyllous thallus with a dull upper sur-
face and an elevated, slightly wrinkled centre, often covered with white pruina, and a medulla of the ‘U.
havaasi’ type. Phylogenetic evidence for the bipolar distribution of both U. polyphylla and U. subpoly-
phylla is provided. Sympatric speciation in one region followed by long-distance dispersal seems to be
the most plausible phylogeographical explanation for the observed patterns. Umbilicaria subpolyphylla
is found in southern temperate-subtropical (Mediterranean) mountains, at least in Europe.

Kew words: biogeography, Bosnia, HPLC, lichen substances, mtLSU, New Zealand, nrITS, Umbili-
caria polyphylla
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Introduction The taxonomic rank of U. subpolyphylla has
remained uncertain, as it could be considered
an ecological variation or subspecies of
Umbilicaria polyphylla.

Umbilicaria iberica Sancho & Krzewicka
was described recently from Spain (Krze-
wicka er al. 2009) and subsequently recorded
in France (Masson 2010). The original
description of U. iberica was based on mor-
phological, anatomical and molecular phylo-
genetic data. The authors provided detailed
information on how the new species was dis-
tinguishable from U. polyphylla but they
were apparently unaware of the species U.
subpolyphylla. According to the description
and photograph provided by Krzewicka er al.
(2009), both U. tberica and U. subpolyphylla
may be distinguished from U. polyphylla by
the same features: a monophyllous thallus
and dull, weakly wrinkled grey-brown to dark

Umbilicaria subpolyphylla Oxner was de-
scribed from the Donetsk Region in southern
Ukraine. As its name suggests, the species is
closely related to U. polyphylla (L.) Baumg.
and is distinguished by a thick, uneven and
wrinkled thallus, light greyish to brownish in
colour, sometimes covered with pruina
(Oxner 1968) which contrasts with the thin,
smooth and even, brown to black-brown thal-
lus of U. polyphylla. For a long time the only
known locality of this species was from granite
outcrops in the nature reserve “Kamyani
Mohyly” within the Steppe zone of Ukraine.
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brown upper surface with an elevated, areolate
and pruinose centre. Krzewicka er al. (2009)
mentioned additional diagnostic characters
for U. 1berica which were not emphasized by
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Oxner (1968), viz. a medulla of the ‘U. havaa-
st type (non ‘U. deusta’ type) and actinodisc
(non gyrodisc) apothecia.

We hypothesized that Umbilicaria subpoly-
phylla and U. iberica were conspecific. The
main goal of the study was, therefore, to review
the Umbilicaria subpolyphylla species concept
and its geographical distribution based on
phenotypic observations as well as phylogen-
etic analysis of nrITS and mtLLSU data from
specimens with a wide geographical range.

Materials and Methods
Sampling

The core material for this study was collected by the
authors and deposited in herbaria ALTB and KW. Add-
itionally, specimens were studied from the herbaria CHR,
H, GZU, KRAM, KW, LE, M and OSC, including the
type specimens of Umbilicaria subpolyphylla and U. iberica.

For phylogenetic analyses, the holotype of Umbilicaria
tberica was included. Because the holotype of U. subpoly-
phylla was too old for sequencing, samples were collected
in locus classicus. In addition, two populations of U. subpo-
lyphylla were sampled from the Crimean Peninsula and
two from the East Pyrenees. One specimen of Umbilicaria
cf. subpolyphylla from New Zealand (CHR) was also
included. Sequences of U. polyphylla from Europe,
Asia, North America and New Zealand were obtained
and supplemented with sequences from GenBank
(Table 1). We failed to obtain a PCR product from the
specimens of U. polyphylla from Chile.

Morphology and anatomy

Morphological observations were made using a dis-
secting microscope. Cross-sections were cut by hand
with a razor blade and observed in water mounts. Meth-
ods outlined by Valladares & Sancho (1995) were used to
examine medullary structure and to name the different
medullary types found during the study. Measurements
are presented as follows: (smallest value recorded—) (x —
SD) —x — (x. + SD) (-largest value recorded), where x is
the (arithmetic) sample mean, and SD the sample stand-
ard deviation. The two extreme values are given to the
nearest 0-5 um and the sample mean to the nearest 0-1 um.

Chemical analyses

Secondary products were analyzed by applying stand-
ard thin-layer chromatography (TLC) techniques (Cul-
berson & Kristinsson 1970) using solvents A, B and C.

For the high performance liquid chromatography
(HPLC) analysis, air-dried lichen material was placed
into a 1-5 ml vial and extracted with reagent grade metha-
nol (at proportions of 10 mg per 1 ml respectively) for 3-5
days in darkness at room temperature, filtered through a
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syringe PTFE membrane filter of 13 mm diam. and por-
osity 0-45 pm, and then stored at —20 °C. The Agilent
1100 HPLC system was equipped with a gradient quater-
nary pump, vacuum degasser, autosampler, column
thermostat and diode-array UV-VIS detector. Extracts
were separated using the column ZORBAX Eclipse Plus
C18, narrow bore RR 2-1 X 150 mm, 3-5 um, thermostated
at 30 °C in 2-eluent gradient mode: eluent A, water with
0-5% orthophosphoric acid H3POy; eluent B, methanol
with 0-5% H;PO, (all solvents and reagents HPLC gradi-
ent grade). Flow rate was 1 ml min™" and the elution mode
was programmed with the following events, assuming lin-
ear change between them: 0 min — 0% B in A, 2 min —
0% Bin A, 10 min — 30% B in A, 30 min — 50% B in A,
45 min — 100% B in A, 30 min — 100% B in A. Then the
column was equilibrated with the initial eluent for 20
min before the next analysis run. Injection volume was usu-
ally 5 ul but could be varied between 1-10 ul depending on
the lichen substance content which is known to range
between 0-1-5% of air-dried thalli. Signal detection was
registered at 224, 240, 254, 270 and 320 nm. Peak identi-
fication was performed on both retention times of standard
lichen substances and UV spectral data. In such condi-
tions, for each specimen the content of each lichen sub-
stance was evaluated with a 10-point scale based on peak
heights at 224 nm and 1000 mAU detector signal range
(most sensitive and not specific) as follows: heights of com-
ponents in the range 500-1000 mAV were considered as
major (5-10 points), 300-500 mAV as medium (3-5
points), 30-300 mAV as minor (1-3 points) and less
than 30 mAV as traces (1 point). The most abundant com-
ponents with a peak height much exceeding 1000 mAV
were sometimes assigned 11 points.

DNA extraction, amplification and sequencing

Single thallus parts (100-200 mg) were carefully
checked for fungal infections and were thoroughly
cleaned of extraneous matter. Total genomic DNA was
extracted by grinding lichen thalli in liquid nitrogen in a
porcelain mortar according to the CTAB protocol of
Cubero et al. (1999) with minor modifications or with
the DiamondDNA Plant kit (ABT Llc, Russia) following
the manufacturer’s protocol. Primers and cycling condi-
tions for amplification of all genes are listed in Table 2.
Sequences were determined on an ABI Prism® 3700
DNA Analyzer (Applied Biosystems) or a CEQ™ 8800
Genetic Analysis System (Beckman Coulter). The pro-
gram Geneious 6.0 (Biomatters Ltd., New Zealand)
was used for assembling partial and complementary
sequences. Consensus sequences were exclusively com-
piled from double-stranded parts of the sequences.

Sequence alignment and phylogenetic analyses

All obtained sequences of the Umbilicaria polyphylla
aggregate were supplemented with sequences obtained
during a comprehensive study of Umbilicariaceae phyl-
ogeny (Davydov ez al. 2017), representing different sub-
genera with an emphasis on Umbilicaria subg.
Umbilicaria; U. pulvinaria (Savicz) Frey was used as an
outgroup. GenBank Accession numbers are provided in
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TaBLE 1. Sample information and corresponding GenBank Accession numbers for species of Umbilicaria used in the
phylogenetic analyses in this study. GenBank Accession numbers of new sequences are in bold. Numbers after species names
refer to the samples used in the concatenated nrITS+mtLSU dataset.

GenBank Accession

Source: collection location, collector and collection number or number
Species reference ITS mtLSU
Umbilicaria Russia, Baikalsky Reserve, G. P. Urbanavichus (ALTB) KY947778 KY947913
cinereorufescens

U. cylindrica Russia, Altai, Tigireksky Reserve, E. A. Davydov 7255 (ALTB) KY947828 KY947952
U. decussata Kazakhstan, Altai, D. A. German (ALTB-L153) KY948001 KY947891
U. deusta Russia, Altai, Tigireksky Range, E. A. Davydov 5353 (ALTB) KY947753 KY947897
U. hyperborea Russia, Karelia, A. A. Zavarzin (ALTB 1.148) KY947998 KY947886
U. iberica Spain, B. Krzewicka 3292 (KRAM-L 50627—holotype) MK336744 MK336772
U. iberica Spain, B. Krzewicka 3292 (KRAM-L 50627—holotype) FN185965

U. iberica Spain, El Escorial, B. Krzewicka 3291 (KRAM-L 50626) FN185964

U. iberica Spain, El Escorial, B. Krzewicka 3290 (KRAM-L 50625) FN185966

U. letocarpa France, D. M. Masson 65.3593 (ALTB) KY947850 KY947980
U. muehlenbergii Russia, Primorye Territory, S. V. Smirnov (ALTB 1.154) KY947997 KY947885
U. pensylvanica Russia, Altai, Tigireksky Reserve, E. A. Davydov 5310 (ALTB) EU909462 KY947882
U. polyphylla 1 Canada, British Columbia, 7. Spribille (M-83126) KY947784 KY947917
U. polyphyila 2 Finland, V. Haikonen 21060 (H) KY947763 KY947907
U. polyphylla 3 Russia, Altai, Tigireksky Reserve, E. A. Davydov 7443 (ALTB) MK336745 MK336773
U. polyphyila 4 New Zealand, Otago: Teviot Swamp, D. . Galloway 5968 (CHR MK336746 MK336774

612404, pr. p.)

U. polyphyila Crimea, Alushta region, Kastel Mts, ¢. 400 m, O. Blum (KW 74463) MK336754

U. polyphylla Spain, El Escorial, B. Krzewicka 3296 (KRAM-L 50621) FN185976

U. polyphyila Spain, El Escorial, B. Krzewicka 3297 (KRAM-L 50622) FN185977

U. polyphylla Spain, El Escorial, B. Krzewicka 3298 (KRAM-L 50623) FN185978

U. polyphylla Spain, El Escorial, B. Krzewicka 3293 (KRAM-L 50620) FN185979

U. polyphylla Russia, Altai, Tigireksky Reserve, E. A. Davydov 6398 (ALTB) MK336755

U. polyphyila Russia, Altai, Tigireksky Reserve, E. A. Davydov 6398 (ALTB) MK336756

U. polyphylla Poland, Tatra Mts, B. Krzewicka 3046 (KRAM-L 50618) FN185975

U. polyphyila Norway, Oppland, E. A. Davydov 5470 (ALTB) KY947798

U. polyphylla Great Britain, Scotland, P. Harrold, C. Ellis, 2009-12-10 (E) FR799302

U. polyphyila Great Britain, Scotland, F. Bungartz (M 83113) KY947782

U. polyphylla Finland, Kittila, V. Haikonen 28520 (H 9203726) MK392125

U. polyphylla France, D. M. Masson 2A.3783 (ALTB) MK336775
U. proboscidea Russia, Altai, Tigireksky Reserve, E. A. Davydov 7253 (ALTB) KY947829 KY947953
U. pulvinaria Russia, Sakhalin 1., S. I. Chabanenko (LE-1.7943) KY947735 KY947867
U. pustulata Finland, Uusimaa, 7. Ahti & E. A. Davydov 5037 (ALTB) EU909467 KY947893
U. rigida Norway, Mere og Romsdal, Dalsnibba, E. A. Davydov 5367 (ALTB) KY947749 KY947892

U. subpolyphylla 1 ~ Ukraine, Donetsk region, Kamjani Mohyly, O. Blum (ALTB L187) MK336747 MK336776
U. subpolyphylla 2 Ukraine, Donetsk region, Kamjani Mohyly, O. Blum (ALTB L187) MK336748 MK336768
U. subpolyphylla 3 ~ Ukraine, Donetsk region, Kamjani Mohyly, O. Blum (ALTB L187) MK336749 MK336770
U. subpolyphylla 4  Ukraine, Donetsk region, Kamjani Mohyly, O. Blum (ALTB L187) MK336750 MK336777
U. subpolyphylla 5  Ukraine, Donetsk region, Kamjani Mohyly, O. Blum (ALTB L187) MK336751 MK336769
U. subpolyphylla 6  New Zealand, Otago, Maungatua, D. ¥. Galloway 5968 (CHR 613709) MK336752 MK336771
U. subpolyphylla 7  France, Sarrat de la Pedrera, D. M. Masson 66.3201 (ALTB 1.5962) MK336753 MK336778
U. subpolyphylla 8  France, Haute-Corse, D. M. Masson 2B.3791 (ALTB) KY948017 KY947985
U. subpolyphylla Crimea, Alushta region, Kastel Mts, 427 m, O. Blum (KW 74464) MK336757
U. subpolyphylla Ukraine, Donetsk region, Kamyani Mohyly, Natural Reserve, 190-5 m, MK336758

O. Blum (KW 74465)
U. subpolyphylla Ukraine, Donetsk region, Kamyani Mohyly Natural Reserve, 194-5 m, MK336759

O. Blum (KW 74466)
U. subpolyphylla Ukraine, Donetsk region, Kamyani Mohyly Natural Reserve, 183 m, MK336760

O. Blum (KW 74467)

(Continued)
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TABLE 1 (continued).

Source: collection location, collector and collection number or

GenBank Accession
number

Species reference ITS mtLSU

U. subpolyphylla
O. Blum (KW 74468)
U. subpolyphylla
O. Blum (KW 74469)
U. subpolyphylla
¢. 300 m, O. Blum (KW 74470)
U. thamnodes

China, Yunnan, A. Aprroot 55697 (ALTB L166)
U. vellea USA, Flathead, B. McCune 32390 (OSC)

Ukraine, Donetsk region, Kamyani Mohyly Natural Reserve, 183 m, MK336761
Ukraine, Donetsk region, Kamyani Mohyly Natural Reserve, 183 m, MK336762

Crimea, Feodosia region, Karadag Natural Reserve, Karagach ridge, MK336763

KY947825 KY947949
KY947835 KY947961

Table 1, with those of new sequences in bold. The
sequences were aligned in Geneious 6.0 (Biomatters
Ltd., New Zealand) using the MUSCLE algorithm
(Edgar 2004) and visible deviations in position homology
were then manually optimized.

Two single gene datasets were assembled for this
study: the internal transcribed spacer regions of nuclear
ribosomal DNA (ITS) and the large subunit of the mito-
chondrial ribosomal DNA (mtLSU). Nucleotide

diversity was calculated for each dataset using DNASP
v5 (Librado & Rozas 2009). The most likely tree and
1000 rapid bootstrap replicates were calculated using
RAxXML 8.0.26 (Stamatakis 2014) implemented in
raxmlGUI software v1.3.1 (Silvestro & Michalak 2012).
The optimal substitution model (Table 2) was inferred
using PartitionFinder v1.1.1 (Lanfear et al. 2012), ini-
tially assuming three independent subsets of the ITS
dataset (i.e. ITS1, 5.8S and ITS2). To select models of

TABLE 2. Summary statistics, PCR settings and substitution models used for the different datasets in the phylogenetic analyses of
species of Umbilicaria.

Name ITS mtLSU (partial) ITS+ mtLSU
Regions ITS1-5.8S-ITS2 ML3 - ML4 (Zoller —
et al. 1999)
PCR Settings
Primers ITS 1F-5’ /ITS 4-3’ ITS 1F-5’/ ML 3-A-5’/ ML -
LR3-3’ 4-A-3’
References White et al. 1990, Vilgalys & Hester Printzen 2002 -
1990, Gardes & Bruns 1993
Denaturation 94 °C (120s) 94 °C (120s) -
Amplification 35 cycles 35 cycles -
94 °C (20s) 94 °C (20s)
52 °C (60 s) 52 °C (60 s)
72 °C (120 s) 72 °C (120 s)
Extension 72°C (15s) 72°C (15s) -
Datasets
Alignment length 474 770 1246
Variable sites 132 124 238
Nucleotide diversity © 0-05430 0-04112 0-05147
Number of sequences (ingroup): 35/26 14/14 13/13
total/original
Substitution model ITS1, 2: GTR+I+G; HKY+I+G As for separate
5.8S: K80 +1 markers
Ln value of the best topology —-2262-930 —2802-8578 —4843-231
obtained with RAxML
Number of generations when the >40 000 000 12 600 000 15 400 000

ASD fell below 0-001 in MrBayes

https://doi.org/10.1017/5002428291900015X Published online by Cambridge University Press


https://doi.org/10.1017/S002428291900015X

2019

nucleotide substitution in the mtLSU dataset, we used
jModelTest 2.0 (Darriba er al. 2012) using the Akaike
Information Criterion for model selection. We used a
partitioned analysis in which each locus was defined as
a separate partition, the parameters of which were allowed
to vary independently under the GTRGAMMA model of
evolution as implemented in RAXML.

Bayesian inference with the Markov chain Monte
Carlo (BMCMC) method (Larget & Shimon 1999) was
performed using MrBayes 3.2.3 (Ronquist ez al. 2012).
We applied the same partition scheme as used for
RAxML with the obtained substitution models (Table 2),
a variable rate prior and an unconstrained exponential
branch-length prior with a mean of 0-13. The mean of
the branch-length prior was calculated based on ML
tree reconstructions using the procedure described by
Ekman & Blaalid (2011). Three parallel analyses, each
with six incrementally heated chains using the default
heating factor of 0-2, were run for 40 million generations
and every 200th generation was sampled until the average
standard deviation (ASD) of split frequencies had
dropped to 0-001. Initially we set ASD at 0-01 but the cal-
culation stopped after ¢. 0-5-0-8 million generations;
ASD of 0-005 resulted in ¢. 3 million generations, there-
fore the number of sampled trees after burn-in was not
enough to calculate the relevant consensus tree. The
first 50% of trees was discarded as burn-in and a 50%
majority-rule consensus tree was calculated from the
remaining trees of the three runs with the sumt command
implemented in MrBayes 3.2.3.

For combining the ITS and mtLSU datasets, both
alignments were trimmed to include only those speci-
mens for which we had information on both markers.
We tested trimmed ITS and mtLSU datasets for topo-
logical incongruence by studying single gene maximum
likelihood consensus trees (not shown) from separate
RAxXML analyses. There were no well-supported (PP >
0-7) incongruences therefore we concatenated the data-
sets into a combined dataset. As both phylograms were
similar regarding well-supported clades and lacking con-
flicts, all sequences were combined into one matrix con-
sisting of 1246 sites, 238 of which were variable and used
for RAXxML and Bayesian analyses. The optimal substitu-
tion model was inferred initially assuming four independ-
ent subsets, ITS1, 5.8S, ITS2 and mtLSU, using
PartitionFinder.

Phylogenetic trees were visualized in FigTree v1.4.1
(http:/tree.bio.ed.ac.uk/software/figtree/). Microsoft Power-
Point™ was used for artwork.

Results

The phylogenetic study

For the phylogenetic analyses, we used new
ITS nrDNA sequences from fresh material
and those retrieved from GenBank represent-
ing a wide geographical range. To test the
monophyly of species, mtLSU was used in
addition to ITS, both as a single gene matrix
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and in a combined dataset. Summary statis-
tics are provided in Table 2. The mtLSU
region is more conserved in comparison to
ITS but is still useful for studying variability
at the species level of lichenized ascomycetes
(Printzen 2002). The ITS phylogram (Fig. 1)
contained four well-supported lineages for
Umbilicaria polyphylla and two for U. subpoly-
phylla, but the backbone was unsupported.
The phylogram based on the more conserva-
tive mtLSU marker segregated identical
sequences of U. subpolyphylla and slightly
variable U. polyphylla (Fig. 2). A concate-
nated ITS and mtLLSU sequence dataset pro-
vided phylograms with high support for most
of the clades (Fig. 3). The sequence of the
holotype of Umbilicaria iberica, as well as
sequences of U. cf. subpolyphylla from New
Zealand, are clustered within sequences of
U. subpolyphylla from the locus classicus in a
well-supported clade (MrBayes 1.0 PP;
RAxML 100% BS). Umbilicaria subpolyphylla
s. lat. (including U. iberica) and U. polyphylla
cluster as sister clades. Three constant resi-
dues in the I'TS sequences and five residues
in the mtLSU differentiate Umbilicaria poly-
pwlla and U. subpolyphylla. The ITS +
mtL.SU phylogram reflects the topology of
the ITS tree regarding smaller clades but sup-
ports monophyly of species, as in the phylo-
gram based only on mtLSU with more
limited sampling. All phylograms demon-
strate the higher intraspecific genetic diversity
of  Umbilicaria  polyphylla  than  U.
subpolyphylla.

Both the ITS and ITS + mtLSU phylo-
grams show two well-supported lineages
within the monophyletic Umbilicaria subpoly-
phylla. The first clade combines specimens
from Spain and Ukraine, the second from
the Crimean Peninsula, France and New
Zealand.

Umbilicaria polyphylla sequences in the ITS
phylogram (Fig. 1) clustered into four clades:
the first combined specimens from Canada,
Poland, Great Britain, Finland and New Zea-
land; the second from Siberia (Altai Mts); the
third from Spain, Finland and the Crimean
Peninsula; the fourth from Norway. Such
grouping appears not to be correlated with
geographical distance. Two sequences of
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MK336758 U. subpolyphylla, I. c.
MK336763 U. subpolyphylla, Crimea, Karadag
FN185964 U. subpolyphylla, Spain
MK336744 U. iberica, holotype, Spain
FN185965 U. iberica, holotype, Spain
FN185966 U. subpolyphylla, Spain
MK336750 U. subpolyphylla, I. c.
MK336747 U. subpolyphylla, 1.
MK336751 U. subpolyphylla, I.
MK336748 U. subpolyphylia, I.
MK336749 U. subpolyphylla, .
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KY948017 U. subpolyphylla, France
MK336752 U. subpolyphylla, New Zealand
FN185975 U. polyphylla, Poland
MK336746 U. polyphylla, New Zealand
KY947784 U. polyphylla, Canada
KY947782 U. polyphylla, Great Britain
FR799302 U. polyphylla, Great Britain
KY947763 U. polyphylla, Finland
100 MK336755 U. polyphylla, Siberia, Altai
MK336756 U. polyphylla, Siberia, Altai
MK336745 U. polyphylla, Siberia, Altai

FN185978 U. polyphylla, Spain

FN185979 U. polyphylla, Spain

MK336754 U. polyphylla, Crimea, Kastel
EN185976 U. polyphylla, Spain

EN185977 U. polyphylla, Spain

MK392125 U. polyphylla, Finland
KY947798 U. polyphylla, Norway |
KY947998 U. hyperborea

Clade 1
c.
c.
c.
c.
Clade 2
Clade 3

Clade 4

Clade 5

Umbilicaria spp.

Fig. 1. Phylogenetic relationships amongst Umbilicaria species, based on a maximum likelihood analysis of
ITS1-5.8S-ITS2. The topology was produced from the RAXML analysis. The reliability of each branch was tested
by ML and Bayesian methods. Numbers at tree nodes indicate bootstrap values of ML (left) and BMCMUC posterior
probabilities (right). Thicker branches indicate when the BMCMC posterior probability is > 0-95 or the bootstrap
value of ML is > 70%. GenBank Accession numbers and sample information are given in Table 1 and new sequences
are marked in bold. The basal branches of Umbilicaria are shown on Fig. 3. Branch lengths represent the estimated
number of substitutions per site assuming the respective models of substitution. Exceptions are the branches with a
black dot, which were shortened to reduce the overall figure size. Abbreviation: L ¢. = locus classicus.

Umbilicaria subpolyphylla from Crimea clus-
tered in different clades (clades 1 and 2);
similarly, sequences of U. polyphylla from
lowland Finland did not cluster together

(see clades 3 and 5). There are two clades
with specimens from both hemispheres
(clades 2 and 3), one in Umbilicaria polyphylla
and one in U. subpolyphylla.
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MK336778 U. subpolyphylla, France
MK336777 U. subpolyphylla, I. c.
MK336768 U. subpolyphylia, . c.
MK336769 U. subpolyphylla, . c.

ma  MK336772 U. iberica, holotype
MK336770 U. subpolyphylla, I. c.
MK336771 U. subpolyphylla, New Zealand
MK336776 U. subpolyphylla, I. c.
KY947985 U. subpolyphylia, I, c.

KY947917 U. polyphylla, Canada
KY947907 U. polyphylla, Finland
MK336774 U. polyphylla, New Zealand
MK336775 U. polyphylla, France
MK336773 U. polyphylla, Siberia, Altai
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U. subpolyphylla

U. polyphylla

KY947886 U. hyperborea

KY947735 U. pulvinaria

0-02

Umbilicaria spp.

F1G. 2. Phylogenetic relationships amongst Umbilicaria species, based on a maximum likelihood analysis of mitochon-
drial LSU. The topology was produced from the RAxML analysis. The reliability of each branch was tested by ML and
Bayesian methods. Numbers at tree nodes indicate bootstrap values of ML (left) and BMCMUC posterior probabilities
(right). Thicker branches indicate when the BMCMUC posterior probability is > 0-95 or the bootstrap value of ML is >
70%. GenBank Accession numbers and sample information are given in Table 1 and new sequences are marked in
bold. The basal branches of Umbilicaria are shown on Fig. 3. Branch lengths represent the estimated number of sub-
stitutions per site assuming the respective models of substitution. Exceptions are the branches with a black dot, which
were shortened to reduce the overall figure size. Abbreviation: L c. = locus classicus.

Morphology, anatomy and secondary
chemistry

Original descriptions of Umbilicaria
subpolyphylla and U. iberica (Oxner 1968;
Krzewicka er al. 2009) were based on
material from one locality each. Morpho-
logical circumscription and diagnostic
characters were re-evaluated based on col-
lections from a wider geographical range
(Table 3).

Marginal and partly central sections of the
lower surface of Umbilicaria subpolyphylla
lacking thalloconidia are smooth and brown-
ish grey. Two morphotypes can be distin-
guished for U. polyphylla based on variations

in the lower surface: one is similar to that
mentioned above, with the marginal and/or
central part lacking thalloconidia and lighter
in colour, and the other with such parts
being entirely black and areolate, similar to
U. cinerascens (Arnold) Frey.

The holotype of Umbilicaria subpolyphylla
(Fig. 4) includes c. 25 thalli and some thallus
fragments. It is rather uniform in morphology
and corresponds to the original description.
Oxner (1968) did not investigate the thalloco-
nidia of U. subpolyphylla. According to our
study of the holotype, thalloconidia are
2-4- to 6-12-celled, (11-5-)13-7-17-2-20-6
(-31-0) X (8:5-)12:0-14:3-16-7(-24-5) um
in size (n=50).
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U. hyperborea

U. cylindrica
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83/
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U. pensylvanica

0-96 U. muehlenbergii

U. rigida

U. leiocarpa

100/1-00

U. pulvinaria

0-02

U. deusta

U. cinereorufescens

U. vellea

Vol. 51

U. subpolyphylla

U. polyphylla

U. pustulata

F1G. 3. Phylogenetic relationships amongst Umbilicaria species, based on a maximum likelihood analysis of the con-
catenated nrITS+mtLSU dataset. The topology was produced from the RAXML analysis. The reliability of each
branch was tested by ML and Bayesian methods. Numbers at tree nodes indicate bootstrap values of ML (left) and
BMCMUC posterior probabilities (right). Thicker branches indicate when the BMCMUC posterior probability is >
0-95 or the bootstrap value of ML is > 70%. GenBank Accession numbers and sample information are given in Table 1.
Branch lengths represent the estimated number of substitutions per site assuming the respective models of
substitution.
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TAaBLE 3. Principal morphological and anatomical differences berween Umbilicaria polyphylla and U. subpolyphylla.

Character Umbilicaria polyphylla Umbilicaria subpolyphylla

Thallus often polyphyllous monophyllous

Upper smooth and even, glossy and brown at least at uneven and wrinkled with an elevated, areolate and
surface the margins of young parts pruinose centre, dull and whitish

Medulla ‘U. deusta’ type ‘U. havaasit’ type

The medullary hyphae of both Umbilicaria
subpolyphylla and U. polyphylla are radial and
made up of long cells. The medulla of U. sub-
polyphylla is most similar to the ‘U. havaasit’
type (see Valladares & Sancho 1995) with
loose hyphae, especially in the upper part.
The medulla of U. polyphylla belongs to the
‘U. deusta’ type (1bid.) with dense scleroplec-
tenchyma (Fig. 5). The medulla of U. subpo-
lyphylla is looser under the wrinkles of the
upper surface and can be locally dense, but
generally it is relatively thick and loose parts
can be easily found.

All investigated specimens of Umbilicaria
subpolyphylla, except the holotype of U. iber-
ica, lack apothecia. Apothecia of the type of
Umbilicaria iberica have a gyrodisc and appear
to be overmature.

All specimens examined were studied by
TLC and showed the same pattern of spots cor-
responding to gyrophoric, umbilicaric and leca-
noric acids. Selected specimens of Umbilicaria
polyphylla and U. subpolyphylla were studied
by HPLC. All the specimens have been
shown to contain the following lichen sub-
stances: gyrophoric and umbilicaric acids as
major, lecanoric acid, orsellinic acid and its
methyl or ethyl ester as minor (methyl orselli-
nate or ethyl orsellinate). The latter are probably
artefacts arising during extraction (Fig. 6A—C).

Taxonomy

After consideration of anatomical, mor-
phological, chemical and phylogenetic data
there is sufficient evidence to synonymise
Umbilicaria iberica with U. subpolyphylla.

Umbilicaria subpolyphylla Oxner

Fl. Lich. Ukraini 2(1): 497 (1968); type: RSS Ucraina,
ditio Donetzkensis, distr. Wolodarsiensis. In reservato

publico Kamjany Mohyly dicto, in saxis graniticus,
1954, A. Oxner (KW L21651— holotype!). Syn. nov.
Umbilicaria iberica Sancho & Krzewicka, Lichenologist
41: 644 (2009); type: Spain, El Escorial near Madrid,
on a hill above the town, on shaded rocks, 1070 m alt.,
17 September 2006, B. Krzewicka 3292 (KRAM
1.50627—holotype!).

Additional specimens examined (see also specimens
listed in Table 1): Bosnia and Herzegovina: Bosnia:
Dinaric Alps, Vranica Mt., 43°57'27"N, 17°45'21"E,
1641 m, on rocks, 2017, E. Masic & S. Barudanovic
(GZU 000337514).—Russia: Crimea: south seacoast,
10 vii 1910, G. K. Kreyer (LE 1L6631).

Selected specimens of Umbilicaria polyphylla examined
(see also specimens listed in Table 1): USA: Oregon:
Hood River County, north end of Parkdale Lava Flow,
45°31'13"N, 121°3718"W, 554 m, mossy, rough basalt
lava flow, 2017, B. McCune 31313 (OSC, ALTB
1.5655). Montana: Flathead County, Kelsi’s Trail,
above Middle Folk Flathead River, near Essex, 48°
16'52"N, 113°36'59"W, 1300 m, on argillite, 2012, B.
McCune 32391 (OSC, ALTB L198).—Chile: XII
Region: Isla Grande de Tierra de Fuego, 54°40'32"S,
69°26/25”W, 0-5 m, sobre rocas 2009, S. Pérez-Ortega
1772 (hb. Pérez-Ortega).—Russia: Murmansk Region:
Laplandsky Strict Reserve [67°48'N, 31°17'E], ¢. 140
m, on stones in pine forest, 1973, A. V. Dombrovskaya
81 (KPABG 1.6253). Republic of Komi: Pechoro-Ilychsky
Strict Reserve, 62°51'45"N, 58°52'29"E 483 m, steep
rocks, 2006, T. N. Pysuna (SYKO, ALTB 1.6164).
Republic of Bashkortostan: Yuzhno-Uralskiy Strict
Reserve, 54°10'21"N, 57°41'11”E, 831 m, on quartzite,
2015, A. G. Paukov & L. V. Gagarina (UFU, ALTB
1.6104). Permsky Krai: Basegi Strict Reserve, 58°
56'54"N, 58°29'18”E, 850 m, 1993, A. G. Bezgodov
(ALTB L6186).

Discussion

Diagnostic traits

The close relationship between Umbilicaria
polyphylla and U. subpolyphylla has already
been shown in previous phylogenetic studies
using ITS+nulLSU (Krzewicka et al. 2009)
and ITS+mtLSU+RPB2 (Davydov er al
2017). Furthermore, both species are similar

https://doi.org/10.1017/5002428291900015X Published online by Cambridge University Press


https://doi.org/10.1017/S002428291900015X

214 THE LICHENOLOGIST Vol. 51

F1G. 4. Umbilicaria subpolyphylla Oxner. Fragments of the holotype (KW 1.21651). A, upper surface; B, lower surface.
Scales = 1 cm. In colour online.
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F1G. 5. Vertical sections of Umbilicaria polyphylla and U. subpolyphyilla demonstrating the types of medullary structure.
A, Umbilicaria polyphylla, medulla of ‘U. deusta’-type; B, U. subpolyphylla, medulla of ‘U. havaasi’-type. Scales = 50
um. In colour online.

in morphology and produce identical second-
ary compounds.

The upper surface of Umbilicaria subpoly-
phylla is usually dull and in some places whit-
ish, while in U. polyphylla the upper surface
often looks glossy. This trait, however, should
be used with care because the surface appear-
ance of U. polyphylla can range from entirely
glossy to entirely dull and pruinose, but the
margins of young parts of the thalli at least
remain glossy. Furthermore, specimens of
both species could be lighter or darker
brown, depending on light conditions. Gen-
erally, the upper surface of U. subpolyphylla
is dull but young parts of thalli may also
remain glossy.

The ‘U. havaasi’-type medulla for Umbili-
caria subpolyphylla agrees with the observa-
tions of Krzewicka er al. (2009) for U.
iberica. Therefore, this anatomical trait is use-
ful for the identification of the species, along
with the morphology of the upper surface.

Many species of the Umbilicariaceae
develop thalloconidia, which have been
shown to be highly species-specific (Hasen-
hiittl & Poelt 1978; Hestmark 1990). Umbili-
caria  polyphylla, U. iberica and U.
subpolyphylla, however, are not separable by
thalloconidial characters. According to Hest-
mark (1990), thalloconidia of Umbilicaria
polyphylla  are  usually  6-10-cellular,

occasionally more or less. This corresponds
with our observation of the type of Umbilicaria
subpolyphylla, as well as with the description
of U. iberica (Krzewicka et al. 2009). The
mean size of thalloconidia of U. polyphylla
(16°4 x 155 um, according to Hestmark
(1990)) and of the types of U. subpolyphylla
(17-2 X 14-3 um) and U. iberica (15-3 X 13-3
um) are also in the same range. The distribu-
tion pattern of thalloconidia is also similar,
covering the lower surface completely, often
except in the centre of the thallus, or in
black patches.

Krzewicka er al. (2009) described apothe-
cia of U. iberica as actinodisc. However, we
consider them as overgrown gyrodisc. Frey
(1936) and Henssen (1970) mentioned that
apothecial types might reflect only succes-
sional stages of apothecial ontogeny.
Gyrodisc-omphalodisc apothecia may lose
the disc margin with age; we often observe
this in many species of Umbilicaria subg.
Umbilicaria. True actinodisc apothecia grow
radially from a very early stage of development
and lack a disc margin (Henssen 1970).

Both Umbilicaria subpolyphylla and U. poly-
phylla are characterized by the same second-
ary chemistry and contain gyrophoric,
umbilicaric and lecanoric acids. A compound
originally identified from Umbilicaria poly-
phylla (Narui et al. 1996, 1998) as umbilicaric
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acid, was present in even higher concentra-
tions than gyrophoric acid (Fig. 6E). As
expected, the UV spectrum of umbilicaric
acid (Fig. 6D) showed a significant hypso-
chromic shift of two bands when compared
with gyrophoric acid. It is possible that this
was another tridepside such as the isomeric
compounds hiascic acid (5-hydroxygyrophoric
acid) or crustinic acid, a tridepside 5-hydroxy-
lated at the 5”-position of the C-ring and hav-
ing both para- and meta-depside linkages
(Narui ez al. 1996). Both of these compounds
have retention times lower than that of gyro-
phoric acid. However, the UV spectra of
hiascic and crustinic acids differ significantly
from that of gyrophoric acid, and these com-
pounds have retention times lower than that
of umbilicaric acid in HPLC (Serifia et al.
1996). Furthermore, Narui et al. (1998) ana-
lysed extracts of Umbilicaria polyphylla using
HPLC-MS; molecular mass determination,
mass fragmentation patterns and NMR-
spectral analysis confirmed the presence of
umbilicaric acid in this species. Thus the
second major substance detected in our
HPLC analyses was certainly umbilicaric acid
which, together with gyrophoric (major) acid
and lecanoric (minor) acid, forms its character-
istic chemosyndrome (defined as a biogeneti-
cally meaningful cohort of major and minor
metabolites in a species (Elix ez al. 1995)).
Thus, the most prominent difference
between Umbilicaria subpolyphylla and U.
polyphylla seems to be the former having
mostly thick monophyllous thalli with a dull
upper surface and an elevated, slightly
wrinkled centre, often covered with white
pruina. Such a wrinkled or reticulate ridged
pattern at the thallus centre is common for
Umbilicaria subgenus Umbilicaria but can be
observed on rare occasions in some species
for which it is not normally characteristic,
such as U. hyperborea (Ach.) Hoffm.
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(Davydov er al. 2017). It is also occasionally
observed in Umbilicaria polyphylla but devel-
ops poorly and on only a small number
of thalli in the population. An additional
diagnostic character is the medulla of the
‘U. havaasi’® type. The colour of upper and
lower surfaces, as well as thalloconidial and
apothecial traits, seem not to be diagnostic for
separating U. polyphylla and U. subpolyphylla.

Bipolar distribution pattern

The bipolar element represents a consider-
able fraction (more than one third) of Antarc-
tic and sub-Antarctic lichen species, and
bipolar species are also often present in
high-altitude, high-latitude habitats in south-
ern South America and Africa (Garrido-
Benavent & Pérez-Ortega 2017). Bipolar
taxa represent a considerable proportion, c.
10%, of the New Zealand lichen flora and
usually occur in alpine habitats of New Zea-
land and in boreal (high-altitude, high-
latitude) localities in the Northern Hemi-
sphere (Galloway 2007). Some species of
Umbilicaria, such as Umbilicaria subglabra
(Nyl.) Harm. and U. nylanderiana (Zahlbr.)
H. Magn., belong to this group. Here we
have provided phylogenetic evidence for the
bipolar distribution of Umbilicaria subpoly-
pwlla and U. polyphylla. Thus, Umbilicaria
subpolyphylla is recorded here for the first
time in the Southern Hemisphere whereas
the closely related Umbilicaria polyphylla is
known to occur in all continents (Llano
1950; Wei & Jiang 1993; Ovstedal & Lewis
Smith 2001; Galloway 2007; Davydov 2017)
and, thus, also has a bipolar distribution.

So far the known distribution area of Umbi-
licaria subpolyphylla is restricted to Europe
and New Zealand. Such a distribution pattern
is difficult to explain and the real distribution
is probably wider. The local geographical

FiGg. 6. HPLC profiles and UV spectra of thallus extracts of Umbilicaria spp. A, HPLC profile of U. polyphylla from
Crimea (KW 74463); B, HPLC profile of U. subpolyphyila from locus classicus (ALTB-L.187); C, HPLC profile of
U. subpolyphylla (‘U. iberica’) from eastern Pyrenees (ALTB-1.5962); D, UV spectra of thallus extracts; E, relative con-
tent of substances extracted from A = U. polyphylla (KW 74463), B = U. subpolyphyila (ALTB-1.187) and C = U. sub-

polyphylla (U.

iberica’) (ALTB-L5962). Abbreviations of substances: ORC = orsellinic acid, EORC = ethyl

orsellinate, LEC = lecanoric acid, UMB = umbilicaric acid, GYR = gyrophoric acid.
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differentiation of species is more obvious in
Europe, where Umbilicaria subpolyphylla pre-
dominates in Mediterranean and southern
Europe (Spain, France, Bosnia, Ukraine,
Crimean Peninsula), whereas U. polyphylla
mostly occurs in mountains of the subarctic
and temperate zones and similar habitats
towards the south. However, in New Zealand
both species grow in the same region, Otago
in the temperate zone. The observed pattern
could be an artifact of insufficient sampling
and these hypotheses could be tested in future
with more extensive sampling. Thus, while we
cannot conclude from our data whether the
speciation from a common ancestor was sym-
patric or allopatric, parallel separate speci-
ation in the North and South Hemispheres
seems implausible and contradicts our phylo-
genetic data. Sympatric speciation in one
region followed by long-distance dispersal
has been supported by molecular data for
some species (Fernandez-Mendoza & Print-
zen 2013; Garrido-Benavent et al. 2018)
and might explain the distribution pattern of
U. subpolyphylla and U. polyphylla.

We can only speculate about the mechan-
isms responsible for transtropical migration.
Both species mostly produce thalloconidia
and rarely ascospores. Thalloconidia are pas-
sively seceded from the lower side of the thal-
lus; these appear to be locally effective in
dispersing in rainwater running down the
rock beneath the thalli. This vector enables
species to be dispersed within the habitat
(Hestmark 1991). Ascospores are smaller
and lighter, actively discharged from apothe-
cia and should be more effective in long-
distance dispersal by wind (zb:zd.). Species of
Umbilicaria reproducing exclusively by small
and wind-dispersed ascospores (e.g. Umbili-
carta cylindrica (L.) Del., U. hyperborea
(Ach.) Hoffm., U. proboscidea (L.) Schrad.
and U. rorrefacta (Lightf.) Schrad.) have
been shown to be fast and successful coloni-
zers of rocks (Hestmark er al. 2004), faster
than species producing thalloconidia (Hest-
mark 1991). Indeed, these four species are
common throughout the Northern Hemi-
sphere at high latitudes and altitudes (boreal
and alpine vegetation zones) and are the
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most common Umbilicaria species in the Arc-
tic and subarctic and adjacent territories
(Davydov & Zhurbenko 2008; Kristinsson
et al. 2010; Davydov er al. 2011). These spe-
cies, except Umbilicaria cylindrica, do not,
however, occur in the Southern Hemisphere.
This fact is consistent with the mostly latitu-
dinal direction of wind in both hemispheres
and suggests a mechanism other than wind
for transtropical migration of lichens. Bipolar
species of Umbilicaria reproducing mostly by
thalloconidia (i.e. U. aprina Nyl., U. africana
(Jatta) Krog & Swinscow, U. decussata (Vill.)
Zahlbr., U. cinerascens, as well as U. polyphylla
and U. subpolyphylla) have a wide disjunctive
distribution area. Thus, thalloconidia rather
than ascospores may be more effective in
long-distance dispersal of Umbilicaria. Thick
cell walls might make thalloconidia resistant
to adverse environmental conditions for a
longer time than thin-walled ascospores. We
suggest that migratory birds might play an
important role in the long-distance dispersal
of thalloconidial species. We do not have
evidence of long-distance transtropical
migration of Umbilicaria subpolyphylla and
U. polyphylla by stepping stones or direct
through wind currents or migratory birds,
but we cannot exclude long-distance disper-
sal by migratory birds. For example, at least
20 species of waders from the Asian Arctic
or Siberia reached New Zealand as annual
migrants (Williams ez al. 2006). Direct study
of dispersal vectors is needed to clarify this
topic.
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