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MOLECULAR PHYLOGENETIC STUDY OF THE GENUS ISOPACHES
WITH DESCRIPTION OF A NEW SPECIES FROM SOUTH AMERICA
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Abstract

This is the first molecular phylogenetic study of the genus Isopaches based on a large set of speci-
mens from numerous remote regions of Eurasia and North America. Along with three previously known
species, it includes a new species from South America — /. valdiviensis. The latter is formally diag-
nosed, illustrated, and compared to similar taxa, including another southern hemisphere species, 1.
pumicicola. We have shown that the genus Isopaches is a group of closely related and slightly diver-
gent taxa and revealed a possible hybrid relation between /. bicrenatus and 1. alboviridis. The main
morphological differences of the species including sex allocation, leaf width/length ratio, shape of
gemmae etc., are discussed. Overlap in some of these characters in different species is shown. A key to
all species of the genus is provided.

Pesiome

BriepBble MPOBEICHO MOJIEKYJIAPHO-(QUIOreHETHYECKOE HCCIIeIOBaHne poia Isopaches, OCHOBaHHOE
Ha OorbIiom Habope 00pa3oB K3 psga peruoHoB EBpasun u CeBepHoit Amepuxn. Hapsiny ¢ tpems us
paHee U3BECTHBIX BUJIOB, B HCCIIEIOBAHHE BKIIFOUCH 00pa3el], ONMCaHHBII HaMH KaK HOBbIN BUJ] 13 FOkHOIT
Awmepuku — I. valdiviensis. TIpUBOAATCS ONMUCAHNUE M MILTFOCTPAIINK BH/IA, & TAK)KE CPABHEHHE C APYTUMH
BHJIaMH POJia, B TOM YHCJIC CO BTOPBIM FO)KHOIOIYLIAPHBIM BHAOM 1. pumicicola. YCTaHOBIICHO, YTO POJL
Isopaches npexacraBinsier coboil Tpynmy OIM3KOPOACTBEHHBIX TAKCOHOB, BBISBICHO BO3MOXHOC
THOPHIIOTeHHOE PONICTBO MEX Y 1. bicrenatus u 1. alboviridis. O6Cy)Iat0Tcsi OCHOBHBIE MOP(OTIOTHYECKUE
pasiYusl BUIOB, B TOM YKCIIE PACIPE/ICICHHE M0JI0B, COOTHOLICHHUE IIIUPHHBI JIHCTHEB K [UTHHE, (opma
YCThsI IEpHAHTHSIHU T.1. [I0Ka3aHa 3HaYMTeIbHAS BAPHAOEIBHOCTD HEKOTOPBIX M3 ATHX MPH3HAKOB Y TPEX
BCTpeyaroluxces B loapkTuke BUIOB. [IpHBOIUTCS KITFOY JUISL ONIPE/ICIICHHUST BCEX BHIIOB POJIA.

KEYWORDS: liverworts, molecular analysis, morphology, phylogeny, systematics, distribution, hy-
brid origin, ITS1-2 ntDNA, trnL-F, rbcL, psbA-trnH cpDNA

INTRODUCTION

Isopaches H.Buch is the oligotypic genus of leafy liv-
erworts that according to modern treatments (Soderstrom
et al., 2016; Hodgetts et al., 2020) includes four species,
one of which /. bicrenatus (Schmidel ex Hoffm.) H.Buch
is widespread in the Holarctic with isolated localities in
the Southern Hemisphere, particularly in New Zealand
and Brazil (Engel & Glenny, 2008). Among the other
three species, 1. pumicicola (Berggr.) Bakalin is an en-
demic of New Zealand, . decolorans (Limpr.) H.Buch is
extremely disjunct, represented on all continents except
Australia and Antarctica, and . alboviridis (R.M.Schust.)
Schljakov is a poorly known disjunct Holarctic species.
The latter was described from Greenland (Schuster, 1969)
and recently found scattered in the north of Eurasia
(Potemkin, 1990, 1993; Potemkin & Rozantseva 2015;
Borovichev, 2008), mountains of South Siberia (Baka-

lin, 2004) and in Alaska (Potemkin, 1995). In 2019, one
of us (YM) collected a specimen of Cryptochila spe-
gazziniana (Spruce ex C.Massal.) Grolle, in Chile, where
he discovered small plants with gemmae quite charac-
teristic of the genus Isopaches, yet with a very different
appearance from other species in the genus. Schuster
(1995: 247), discussing the taxonomy of the genus (sub-
genus in his sense) in relation to the discovery of Lopho-
zia (Isopaches) decolorans (Limpr.) Steph. in western
North America, emphasizes that it “remains poorly known
and that species limits in Isopaches have remained im-
precisely”. In terms of 1. alboviridis, Schuster (1969)
noted that it probably is “preponderantly dioecious Arc-
tic subspecies” of 1. bicrenatus.

Previously, some authors (Schuster, 1969, 1995, 2002;
Paton, 1999; Damsholt, 2002; Engel & Glenny, 2008),
considered the genus to be a subgenus of the genus Lo-
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phozia. Firstly remote phylogenetic position of . bicrena-
tus from Lophozia (Dumort.) Dumort. based on #rnL-F
cpDNA was shown by Yatsentyuk ef al. (2004) and then
again was supported from #nG-intron and rps4 cpDNA
of I bicrenatus and I. decolorans by De Roo et al. (2007).
At present, the genus Isopaches is treated in the family
Anastrophyllaceae (Soderstrom et al., 2010, 2016). All
former molecular studies (Yatsentyuk ez al. 2004; De Roo
et al. 2007; Vilnet et al., 2010) focused on phylogeny of
suborder Cephaloziineae and included sequences from
only a pair specimens of 1. bicrenatus and 1. decolorans,
whereas 1. alboviridis has never been tested molecularly
and its relation within Isopaches stays unclear.

The main goal of this work, along with the descrip-
tion of a new species, was to evaluate morphological and
molecular variability of Isopaches species based on an
integrative study of a wide range of specimens from dif-
ferent geographically remote areas. Along with this, we
tried to find out how well the poorly known 1. alboviridis
differs from the widespread 1. bicrenatus.

MATERIAL AND METHODS

Collections and specimens studied

Specimens of Isopaches from KPABG, MHA, LE in-
cluding previously collected specimen from South Ameri-
ca were revised. All specimens stored in the herbarium
KPABG that were identified as /. decolorans and I. albo-
viridis were studied in detail, and in the majority of the
studied specimens of these species some plants were se-
lected for molecular phylogenetic analysis with the excep-
tion of a few specimens that did not contain enough mate-
rial. In addition, the most well-preserved, specimens of /.
bicrenatus with gemmae, perianths, and sporophytes col-
lected in various regions of Russia were involved in mo-
lecular phylogenetic studies. At that, we paid special at-
tention to specimens from high-latitude regions and up-
per mountain belts, identified as /. bicrenatus, it is quite
difficult to distinguish /1. bicrenatus without gametangia
from the poorly studied 1. alboviridis. So, we selected plants
for sequencing both from specimens collected in the most
characteristic habitats of 1. bicrenatus in the forest zone,
and specimens from habitats near the northern and high-
altitude limits of the species’ distribution.

Morphological study

The plants of the newly described species were pho-
tographed using a Leitz Wetzlar Orthoplan light micro-
scopes equipped with a digital camera, a Nikon D90. In

order to better illustrate the three-dimensional objects,
photomicrographs were combined using the stacking soft-
ware HeliconFocus, and some of the obtained images were
reconstructed into line drawings.

Sampling for molecular analyses

Twenty seven specimens of three known species of
the genus Isopaches (I. alboviridis, I. bicrenatus and 1.
decolorans) were selected for molecular phylogenetic es-
timation. The specimen from Chile was tested to check
its relation and identity. Follow published studies of Anas-
trophyllaceae (Vilnet et al., 2010; Bakalin et al., 2020;
Potemkin & Vilnet, 2021) the ITS1-2 nrtDNA, #nL-F
and rbcL cpDNA were selected as molecular markers.
For several specimens of Isopaches spp. the nucleotide
sequences of psbA-trnH cpDNA were obtained. The sin-
gle rbcL accession for 1. bicrenatus from U.S.A. was
downloaded from GenBank. The dataset for phylogenet-
ic estimation additionally includes 15 species from 14
genera of family Anastrophyllaceae. Obtusifolium ob-
tusum from the phylogenetically allied family Obtusifo-
liaceae (Bakalin et al., 2021) was selected as an outgroup.
The list of specimens for phylogenetic estimation is in
Appendix 1.

DNA isolation, PCR amplification and DNA se-
quencing

For DNA extraction the HiPure SF Plant DNA Kit (Ma-
gen, China) was used following the procedure described
in the manufacturer’s protocol. The pairs of primers for
the polymerase chain reaction are listed in Table 1. PCR
was carried out in 20 pl volumes with the following am-
plification cycles: 3 min at 94°C, 30 cycles (30 s 94°C, 40
s 56°C (ITS1-2), 54°C (trnL-F), 52°C (rbcL, psbA-trnH),
60 s 72°C) and 2 min. of final extension time at 72°C. The
amplicons were visualized on 1% agarose TAE gels by
EthBr staining, cleaned using the Cleanup Mini Kit (Evro-
gen, Russia), and used as a template in sequencing reac-
tions with the ABI Prism BigDye Terminator v. 3.1 Kit
(Applied Biosystems, USA) following the standard proto-
col provided for 3730 Avant Genetic Analyzer (Applied
Biosystems, USA).

Phylogenetic analysis

The newly sequenced loci for 32 specimens were as-
sembled in the program BioEdit 7.0.1 (Hall, 1999). The
alignments for phylogenetic reconstructions were automat-
ically produced with ClustalW (Thompson et al., 1994)
and then manually corrected. The ITS1-2 dataset includes

Table 1. Primers for the polymerase chain reaction and cycle sequencing reactions.

DNA marker

ITS1-2 ntDNA
ITS1-2 nrDNA
trnL—F cpDNA
trnL—F cpDNA

Primer sequence (5°-3)

Forward ACCTGCGGAAGGATCATTG
Reverse GATATGCTTAAACTCAGCGG
Forward CGAAATCGGTAGACGCTACG
Reverse ATTTGAACTGGTGACACGAG

rbcL Forward ATGTCACCACAAACAGAGACT AAA GC
rbcL Reverse GTATCTATTGTTTCATATTC
psbA-trnH Forward GTTATGCATGAACGTAATGCTC

psbA-trnH

Reverse CGCGCATGGTGGATTCACAATCC

Reference

Friedl, 1996

Milyutina et al., 2010

Taberlet et al., 1991

Taberlet et al., 1991

Kress & Erickson, 2007

Bakalin et al., 2024

Newmaster & Subramanyam, 2009
Newmaster & Subramanyam, 2009
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Fig. 1. Phylogram obtained by maximum
likelihood method for the genus Isopaches and
the family Anastrophyllaceae based on ITS1-
2 nrtDNA dataset. Bootstrap supports from
maximum likelihood analysis and Bayesian

bl - R T

posterior probabilities after Bayesian estima- !
tion more than 50% (0.50) are indicated. The

voucher information is provided, previously

sequenced specimens are marked with an as- so088 ) |,

terisk.

100/1.00

57/0.79

67i0.74

S0/~

T4/

N.A. KONSTANTINOVA, A.A. VILNET & YU.S. MAMONTOV

alboviridis Yamal-Nenets #301

alboviridis Murmansk Reg. K1-1b-23

bicrenatus Perm Terr. K381-04

alboviridis Republic of Sakha (Yakutia) 112385

bicrenatus Murmansk Reg. K129-1-19*

alboviridis Murmansk Reg. 211-3-02

bicrenatus Perm Terr. AB192a-09

alboviridis U.S.A. Alaska ALA B29451

alboviridis Perm Terr. K303-1-04

bicrenatus Kamchatka Terr. K-24-4-03

bicrenatus Rep. of Buryatia K1-1-01

bicrenatus Murmansk Reg. K34-2-88

bicrenatus Amur Reg. 37-1-00
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bicrenatus Republic of Sakha (Yakutia)18.07.2000*

bicrenatus Rep. of Buryatia 19-02

bicrenatus Rep. of Tatarstan 14a-05-03

alboviridis Amur Reg. 37-9-00

alboviridis U.S.A. Alaska ALA B27069

I. bicrenatus Kamchatka Terr. K-40-1-02-VB

1. bicrenatus Khanty-Mansi A. A. EL-02228a

100/1.00 3 I. decolorans Murmansk Reg.BE243-1-12
I-’. decolorans Karachayevo-Circassian Rep. K464-3-05*

I. valdiviensis sp. nov. Chile 754-3-9134

I. bicrenatus Karachayevo-Circassian Rep. K512-1-05
Crossocalyx hellerianus Sakhalin Prov. #82*
1001 .GDESchUakovia kunzeana Trans-Baikal Terr. 38-1-00*
Gymnocolea inflata Switzerland 41089
Anastrophyllum assimile Altai Terr, #4/1*
Sphenolobus minutus Krasnoyarsk Terr. 210E/2-21
Anastrepta orcadensis Rep. of Buryatia 59-1-01*

ﬂ)ﬂhocauﬁs attenuatus Kemerovo Reg. 87-2-00
Schljakovianthus quadrilobus Murmansk Reg. K10-4-17

B85/0.95 100/1.00 Hattoria yakushimensis Japan 4281*
‘ Vietnamiella epiphytica Vietnam V-9-7-17*
o Tetralophozia filiformis China-73-44-18"
Plicanthus birmensis Japan #35*
Barbilophozia sudetica Norway K81-4-06*
asm.sd: Barbilophozia hatcheri Arkhangelsk Reg. 18-20*

Rudolgaea fascinifera Republic of Sakha (Yakutia) 019E-6-23*
Obtusifolium obtusum Kamchatka Terr. K-102-2a-21*

41 accessions and 871 nucleotide positions, the #7nL-F
dataset — 44 accessions and 479 positions. A lot of acces-
sions from GenBank were selected for the rbcL dataset
and this alignment includes 22 sequences with 1330 posi-
tions. Due to differences in taxa sampling for the #rnL-F
and rbcL alignments it was not possible to combine them
into single one. The psbA-trnH accessions for the ingroup
are poorly presented in GenBank, thus dataset for this
marker was produced only for estimation of sequence vari-
ability in Isopaches. The psbA-trnH dataset includes 11
accessions. The preliminary phylogenetic estimation re-
veals incongruence in ITS1-2 and #rnL-F topologies, thus
the nuclear and chloroplast markers were not able to unite
in a single dataset for subsequent analyses.

Two analytical procedures were implemented for mo-
lecular phylogenetic study: the maximum likelihood (ML)
with the program IQ-TREE (Nguyen et al., 2015) and the
Bayesian approach (BA) — with MrBayes v. 3.2.1 (Ron-
quist et al., 2012). The program ModelFinder (Kalyaan-
amoorthy et al., 2017) was used to select the best fit evolu-

tionary model of nucleotide substitutions for each dataset:
the TN+F+G4 model was suggested for ITS1-2, the
TPM3+F+G4 — for trnL-F, TN+F+I — for rbcL. The sug-
gested model and the ultrafast bootstrapping procedure
(Hoang et al., 2018) with 1000 replicates were used in
ML estimations. For the Bayesian analysis the GTR+I+G
model as recommended by the program’s creators was
implemented for each of three datasets; gamma distribu-
tions were approximated with four rate categories. Two
independent runs of the Metropolis-coupled MCMC were
used to sample parameter values in proportion to their
posterior probability. Each run included three heated chains
and one unheated chain, and the two starting trees were
chosen randomly. The number of generations was one
million. Trees were saved every 100th generation. The
average standard deviation of split frequencies between
two runs for ITS1-2 dataset was 0.005442, for trnL-F
dataset — 0.007899, for rbcL dataset — 0.005740. The first
2500 (25%) trees were discarded in each run and 15000
trees from both runs were sampled after burn-in for each
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1. bicrenatus Khanty-Mansi A. A. EL-02228a

0.02
—

1. bicrenatus Murmansk Reg. K34-2-88

Fig. 2. Phylogram obtained by maxi-
mum likelihood method for the genus
Isopaches and the family Anastro-
phyllaceae based on #rnL-F cpDNA
dataset. Bootstrap supports from maxi-
mum likelihood analysis and Bayesian
posterior probabilities after Bayesian
estimation more than 50% (0.50) are
indicated. The voucher information is
provided, previously sequenced speci-
mens are marked with an asterisk.
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dataset. Bayesian posterior probabilities were calculated
from trees sampled after burn-in. The sequence variability
was estimated as the average pairwise p-distances for all
tested markers in Mega 11 (Tamura et al., 2021) using the
pairwise deletion option for counting gaps.

RESULTS

Molecular phylogenetic study

The 26 accessions of ITS1-2, 29 — of #rnL-F, 11 — of
psbA-trnH, 9 - of rbcL were newly generated in this study
and deposited into GenBank. The arithmetic means of
Log likelihood obtained in ML and BA analyses of ITS1-
2, trnL-F and rbcL datasets are shown in Table 2.

Topologies of trees constructed by different approaches
for each of datasets became similar, thus on Figs. 1-3
the ML topologies achieved for ITS1-2, #rnL-F and rbcL
are presented with indication of bootstrap support (BS)
values from ML calculation and Bayesian posterior prob-
abilities (PP) from BA.

The specimens of the genus Isopaches composed a
robustly supported (BS=100%, PP=1.00 or 100/1.00) ter-

minal clade in all trees. Its affinity in Anastrophyllaceae
as well as relation among other genera of family stays
unclear, thus was repeatedly suggested in a number of
previous studies (Vilnet et al., 2010; Bakalin et al., 2020;
Potemkin & Vilnet, 2021). Eight specimen of 1. albovir-
idis and 13 specimens of 1. bicrenatus composed a grade
in ITS1-2 (97/1.00) (Fig. 1). The subclade (100/1.00) of
two 1. decolorans specimens is sister related to this grade
(90/0.99). The basal position in Isopaches belongs to the
poorly supported subclade (67/0.74) composed by the
specimen of 1. bicrenatus from the Caucasus (K512-1-
05) and the specimen of Isopaches from Chile (Mamon-
tov 754-3-9134). From trnL-F data (Fig. 2), all three Iso-

Table 2. The arithmetic means of Log likelihood obtained
in molecular phylogenetic estimation.

Dataset ML BA 1*' run BA 2™ run
ITS1-2 -3697.180 -3736.51 -3737.64
trnL-F -1656.840 -1702.18 -1700.03
rbcL -3187.370  -3202.27 -3204.24
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Fig. 3. Phylogram obtained by 0.01 I. bicrenatus U.S.A.: Vermont 6970
maximum likelihood method for the 98/0.88 | /. bicrenatus Murmansk Reg. K129-1-19
genus [sopaches and the family I.bicrenatus Republic of Sakha (Yakutia) 18.07.2000
Anastrophyllaceae based on rbeL P2 | bicrenatus Khanty-Mansi A. A. EL-02228a
cpDNA dataset. Bootstrap supports
from maximum likelihood analysis SIS I. bicrenatus Karachayevo-Circassian Rep. K512-1-05
and Bayesia}n post.erior. probabilities 100/1.00 I. decolorans Murmansk Reg. BE243-1-12
gféij’]s(%}fzséa)‘n:::?sg?;agf E?El; 92/0.99 I. decolorans Karachayevo-Circassian Rep. K464-3-05
voucher information is provided, 0.1 1. alboviridis Yamal-Nenets Autonomous Area #301
previously sequenced specimens are g5 1. alboviridis Amur Reg. 37-9-00

marked with an asterisk.
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paches species are located in the supported subclades —
L bicrenatus (85/0.89), 1. alboviridis (97/0.91) and I
decolorans (97/0.94), but relation among them and the
position of the specimen from Chile stay unclear due to
polytomy. The Caucasian specimen of /. bicrenatus
(K512-1-05) is located in the /. bicrenatus-subclade. The
rbcL topology (Fig. 3) resolved sister relation (92/0.99)
between 1. alboviridis (90/0.71) and 1. decolorans (99/
1.00) subclades and poorly supported affinity (81/0.55)
of Chile’s specimen to them. The specimen of /. bicrena-
tus K512-1-05 from Caucasus is placed in the base of /1.
bicrenatus-subclade with robust support (99/1.00).
Isopaches bicrenatus (with the exception of the spec-
imen K512-1-05) and I. alboviridis are characterized by
low values of infraspecific p-distances, which equal 0%
in highly variable spacer psbA-trnH or in highly conser-
vative gene rbcL (Table 3). The ITS1-2 and trnL-F p-dis-
tances vary 0-0.2% in both species. A significant simi-
larity between 1. bicrenatus and 1. alboviridis was found
in the studied nuclear marker, that is, 0.1% in ITS1-2.
By contrast, the chloroplast markers are greatly differ-
ent: the p-distance is 1.2% in #nL-F, 0.9% — in psbA-
trnH, and 0.7% — in rbcL. The position of 1. bicrenatus
and /. alboviridis on the phylogenetic trees and the level
of p-distances between them could suggest a hybrid rela-
tion, the phenomenon that is known for a number of liv-
erwort species (Sawangproh & Cronberg, 2021). Isopach-
es decolorans is clearly distinct from /. bicrenatus and 1.

alboviridis by p-distances calculated for all tested DNA
loci. The specimen of 1. bicrenatus from the Caucasus
(K512-1-05) and the specimen /. decolorans from France
provided remarkable variability within their correspond-
ing species. The first specimen is characterized by sig-
nificant divergence in ITS1-2 to both /. bicrenatus and 1.
alboviridis, and the second — by high divergence in psbA-
trnH to I. decolorans. The specimen from Chile also dem-
onstrates significant values of p-distances to three Iso-
paches species in all molecular markers. Together with
its distinct position on the obtained trees, it suggested
that this specimen is a new species.

Morphological study

The specimen from Chile (Mamontov 754-3-9134)
contains a few tiny plants scattered on sandy soil at the
base or between large shoots of Cryptochila spegazzini-
ana. At first glance, very small, thin and loosely foliated
shoots do not look like compact plants of the genus Iso-
paches. However, the stem anatomy, the shape of the gem-
mae abundantly present at the tips of the shoots, as well
as the characteristic thickening of the cell walls, indicat-
ed that the plants belong to the genus Isopaches. Despite
the scarcity of the material and the absence of perianths
we considered it appropriate to describe a new species
based on the its phylogenetic position, the extremely dis-
tinctive appearance (particularly spreading leaves, which
are not imbricate and long decurrent on the ventral side),
and the geographical isolation.
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TAXONOMY

Isopaches valdiviensis Mamontov, Vilnet & Kon-
stant., species nova. Fig. 4-6.

TYPE: Chile, Los Rios Region, Valdivia Province,
Alerce Costero National Park, sclerophyllous shrubs with
mosses along brook bank, 40°10°12.6”’S, 73°27°16.7”W,
750 m a.s.l., on soil near road, 14.V1.2019, Mamontov
754-3-9134 (KPABG127751, holotype).

Diagnosis: Differs from other species of the genus in
the distant, antically secund and long decurrent on dor-
sal side leaves, and in ITS1-2 nrtDNA, #nL-F, psbA-
trnH and rbcL cpDNA sequences.

Etymology: the name corresponds to Valdivia Prov-
ince, the part of the Los Rios Region of Chile where the
species has been found.

Description. Plants pale green, rather pellucid, upper
parts of leaves sometimes light brown, very small, shoots
0.4-0.5 mm wide and up to 2 mm long. Stem 110-120
pum wide. Rhizoids scattered, colorless, 15 um thick, rath-
er long. Stem in cross section 78 cell thick, stem cells (in
cross section) not differentiated, mostly isodiametric, 20—
25 um, or slightly elongated, 20 x 25 um, mixed with
single smaller cells just 15—18 um, thin-walled, with
minute trigones. Cells on the ventral side of shoots slightly
elongated, 15-20 (—22) um wide and (20—-)25-37 um long.
Leaves distant, antically secund and long decurrent on
dorsal side, asymmetrical (uneven?), trapezoidal-ovate,
somewhat narrowed in the apex, with a width slightly ex-
ceeding the length, 300-325 um wide and 250-300 pm
long, widest near the base, divided up to 0.1-0.2 their
length into two slightly uneven, obtuse to blunt-pointed
lobes; sinus wide, obtuse, V- or U-shaped. Midleaf cells
20-25%22-27(-30) wm, mixed with single small isodia-
metric cells just 15x15 wm, slightly thick-walled, with very
small trigones, cells of the base do not distinctly differ
from the midleaf cells, cells of margins slightly smaller
and mostly isodiametric, ca. 18-20(—22) um. Cuticle most-
ly distinctly striolate. Gemmiparous leaves with cells elon-
gated in upper part, shoots with prolonged gemmae for-
mation, immature gemmae colorless, angular-ovoid, ripe
gemmae red-brown, angulate- stellate, 2-celled, (15—-)17—
20 um. Dioicous. Only one antheridium was found, an-
theridal stalk 1-seriate. Otherwise unknown.

Differentiation. 1. valdiviensis differs from all other
species of the genus in distant, antically secund and long
decurrent on dorsal side leaves. By contrast, leaves are

Fig. 4. Isopaches valdiviensis (from Mamontov 754-3-9134,
KPABG): A — androecial shoot. B-D — sterile shoots. E, H —
leaves. F — antheridium. G — androecial bract. Scale bars: 0.1
mm for F; 0.3 mm for E, G, H; 1 mm for A-D.

imbricate and more or less subtransversely inserted in
all other species of the genus (except I. pumicicola). In L.
pumicicola, another species found only in the Southern
hemisphere, the leaves are strongly succubously insert-
ed, but are longer than wide or as long as wide, strongly
concave, “ovate, often rather broadly so” (Engel & Glen-
ny, 2008). Moreover, this species is paroicous and lacks
asexual reproduction (no gemmae have been found, al-
though the species is known from several stations in New
Zealand). By contrast, the leaves are wider than long in
I valdiviensis and more or less flat, while the species
probably is dioicous (only antheridial plants have been
found) and has asexual reproduction (several plants in
the specimen bear abundant gemmae). In the key below
we provide the most reliable taxonomic characters for
distinguishing of all species of the genus Isopaches.

Table 3. The value of infra- and interspecific p-distances of ITS/trnL-F/psbA-trnH/rbcL, % for the genus Isopaches, n/c — non

calculated (single specimen).

Taxon Infraspecific variability

L alboviridis
0.2/0.1/0.0/0.0
0.1/0.2/0.0/0.0
n/c/ n/c/n/c/n/c
0.0/0.2/1.2/0.0

n/c/n/c/m/c/n/c

1. alboviridis

1. bicrenatus

1. bicrenatus K512-1-05
1. decolorans

1. valdiviensis

0.1/1.2/0.9/0.7
1.6/1.1/1.3/0.6
2.3/1.2/1.2/0.3
2.3/0.9/0.9/0.5

Interspecific variability

1. bicrenatus I b. K512-1-05 I decolorans

1.5/0.2/1.8/0.1
2.2/1.1/1.7/0.8  2.7/1.0/2.0/0.7

2.3/0.8/1.9/0.8 2.0/0.7/2.3/0.7  3.5/0.8/1.9/0.7
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Fig. 5. Isopaches valdiviensis (A—M from Mamontov 754-3-91 34, KPABG): A, G — sterile shoots. C, L — andro-
ecial shoots. B, D, J, K, M — leaves. E — stem cross section. F, H, I — androecial bracts. Scale bars: 0.1 mm for E. 0.4
mm for B, D, K, M. 0.5 mm for C, F, H-J, L. 1 mm for A, G.
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KEY TO SPECIES OF ISOPACHES

Plants without gemmae, leaves longer than wide, nar-
rowed in the apex, lobes juxtaposed, sinus often
sharply V-shaped, female bracts 2—3-lobed, lobes
entire or with 1-2 teeth ..o,
.................................. 1. pumicicola (New Zealand)
Plants always with more or less abundant gemmae,
leaves wider than long or as wide as long, sinus cres-
centic, obtuse or rectangular ...........ccccoeveeireienne 2

Dioicous, leaves distant, antically secund and long
decurrent on dorsal side, asymmetrical (uneven?)
trapezoidal ............ I valdiviensis (South America)
Paroicous, heteroicous or without gametangia, mostly
dense leaved, leaves more or less transversely insert-
ed, concave, imbricate at least in upper part ........ 3

Plants closely dense-leaved, leaves wider than long
with width/length ratio to 1.25, very shallowly di-

vided by crescentic sinus up to 0.2 leaf length, gem-
mae mostly bright red, 4-5-angled, irregularly po-
lygonal to rectangular and triangular, rarely ellip-
soidal or stellate and with not so strongly projected
angles, mostly dioicous, but sometimes heteroicous
OF PATOICOUS ..evvenvrenreereneesreenresseeeneneens L. decolorans
Plants with leaves as wide as long, slightly wider
than long or slightly longer than wide, divided up to
0.25-0.4 leaf length by U- or V-shaped but not cres-
centic sinus; gemmae mostly distinctly stellate, some-
times with admixture of triangular, with strongly pro-
jecting angles ........ocvevveeieriieiee e 4

Plants paroicous, dioicous, or heteroicous, or with-
out gametangia, leaf lobes mostly acute to apiculate,
ending in (1)2, rarely 3—4 superposed cells with of-
ten (but not always) elongated apical cell, sinus usu-
ally angular; female bracts not dentate or with sin-
gleteeth ..o L alboviridis
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Fig. 6. Isopaches valdiviensis (A—G from Mamontov 754-3-9134, KPABG): A — leaf. B-G — gemmae.

— Plants mostly paroicous, almost always with peri-
anths, leaf lobes mostly subacute or acute, ending in
one-celled apex, apical cells not or slightly elongat-
ed, sinus obtuse or rectangular, perianth mouth usu-
ally lobulate-dentate with teeth of 2—3 distinctly elon-
gated cells or 4-celled of less elongated cells; anthe-
ridial stalk 1-2(—3)-seriate, female bracts mostly
coarsely dentate ..........ccccoveevenienenncne L bicrenatus

DISCUSSION

Variation

One of the goals of our study was to clarify the differ-
ences between the species of the genus, and we will dis-
cuss the variability of the main morphological diagnos-
tic features within the Isopaches below. The two south-
ern hemisphere species were discussed above, and here
we will focus primarily on the variability of the remain-
ing three species. The values of the main morphological
features are shown in Table 4. The table is based on our
own observations, and some literature sources (Potemkin,
1993; Schuster, 1995).

We were able to study only three specimens of rare
species /. decolorans: from Karachayevo-Circassian Re-
public, Murmansk Region, and the Alps (from where the
species has been described). Phylogenetically, the tested
specimens of 1. decolorans are clearly separated from
other species of the genus Isopaches by nuclear and chlo-
roplast markers. Specimens from Russia possess similar
nucleotide sequences of studied loci, but specimen from

Alps is similar to them in #7nL-F and differ in pshA-
trnH (1.2%), that could suggest the haplotype diversity
across the species area. Morphologically, the sequenced
specimens of 1. decolorans from the Karachayevo-Cir-
cassian Republic (Caucasus) and Murmansk Region
matched the species description very well and differ more
or less clearly from two other Holarctic species in the
julaceous appearance, strongly concave to hemispheri-
cal, densely imbricate leaves with shallow crescentic si-
nus, red-colored and not stellate gemmae.

It is much more difficult to distinguish /. alboviridis
and /. bicrenatus. Both species appear to be not clearly
distinct phylogenetically due to the position of the tested
specimens in the one grade on the ITS1-2 tree (Fig. 1)
and a high similarity of nucleotide sequences, which cor-
responds with level of infraspecific variability in both
species (Table 3). However, the divergence between these
species in the chloroplast markers is higher and corre-
sponds with level of interspecific differences in this ge-
nus, which was resolved in the separation of two clades
on the trees (Figs. 2, 3). The obtained incongruence could
suggest hybrid events in the evolution of the genus Iso-
paches. We did not registered the second parental copy
of ITS1-2 in the chromatograms of both species and did
not use the cloning procedure to detect copies as it was
done for the phylogenetically allied genus Barbilopho-
zia (Vilnet et al., 2012). The data of chromosome num-
bers for the genus Isopaches are unknown. We could as-
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sume two hypotheses to explain obtained relation of both
species. The first one consists in their origin from one
male parent through hybridization with different female
parents taking into account maternal inheritance of cy-
toplasmic organelle in liverworts (Natcheva & Cronberg,
2007). The second hypothesis is in that one species as a
male parent of other with completed concerted evolution
of nuclear genome in descendant. In both hypotheses fe-
male parents stay unknown, possibly extinct, in spite of
relatively young age of the genus — 28 Ma (Laenen et al.,
2014). Infraspecific variability registered in the speci-
mens of 1. bicrenatus from Karachayevo-Circassian Re-
public (K512-1-05) and I. decolorans from France points
to the possible presence of significant molecular genetic
divergence within the genus, which may be revealed in
future studies. A possible parental species may be also
found in such studies, as in the case of the poorly known
subarctic species Lophozia savicziae Schljakov (Konstan-
tinova & Vilnet, 2025).

The morphology of 1. bicrenatus and I. alboviridis
was repeatedly considered in detail by Potemkin (1990,
1992) and Schuster (1969, 1988, 1995). Both authors
note that 1. alboviridis is a very polymorphic species and
discussed its variability in Greenland (Schuster 1988,
1995, Schuster & Damsholt, 1974) and North Asia
(Potemkin, 1990, 1992). The study of the morphology of
the specimens included in the molecular phylogenetic
study revealed significant variability in diagnostic fea-
tures and as result numerous misidentifications of spe-
cies. Therefore, we discuss these differences in more de-
tail below.

We found that at least a number of morphological
features that were considered diagnostic for the Isopach-
es species in previous studies should be accepted with
significant reservations, or do not work at all (see Table
4). Above all this applies to sex allocation. Damsholt
(2002) reported I. decolorans as dioicous, though it was
described as paroicous (Limpricht, 1879). Potemkin
(1990, 1992) discovered paroicous plants of /. decolo-
rans in Yamal Peninsula. /. alboviridis has been described
as dioicous (Schuster, 1969), however, a few years later
Schuster & Damsholt (1974: 85) noted that the species
“may be sporadically paroecious”. One of the specimens
of I. alboviridis we studied and sequenced (K/-1b6-23, Mur-
mansk Region) turned out to be paroicous. There were
no developed perianths, but some plants have gynoecia
on the tops of shoots with androecia. The rest of the stud-
ied specimens of /. alboviridis were either sterile or dio-
icous. In addition, it should be noted that in the speci-
mens of I bicrenatus, along with paroicous plants with
perianths there are antheridial plants with no traces of
gynoecia. Gemmae are found only on these antheridial
plants, while the perianthous plants usually do not bear
gemmae.

One more character mentioned in the description of
1 alboviridis (Schuster, 1969), the uneven lobes of leaves

is very variable in all three discussed species. In all of
them, the lobes are not equal to a greater or lesser extent,
and the ventral side of leaf is larger and more convex
than dorsal one. This is especially pronounced in bracts.
In terms of the ratio of width to length of the leaf, 1.
decolorans differs well from the other two, since its leaves
are very wide, whereas the other two species have leaves
approximately equal in width to length or slightly more
or slightly less (Table 4). Such a feature as the shape of
apex of the leaves seems to be unreliable. Indeed, the
leaf lobe apex in 1. alboviridis was described as ending
in (1-)2-3 (—4) superposed elongated cells in contrast to
1. bicrenatus with acute and subacute lobes, or 1. decolo-
rans with lobes ending in one or infrequently two super-
posed not elongated cells. However, firstly, this feature is
often impossible to see because the apex of the upper
leaves is often discolored or destroyed by the gemma for-
mation. Secondly, most of the leaves in the studied spec-
imens of the 1. alboviridis clade end in one or rarely two
superposed cells.

Our data also do not confirm such a character as small-
er cells of the leaf margins (compared to the midleaf cells)
in 1. alboviridis, in contrast to those that do not differ in
size from the midleaf cells in /1. bicrenatus. This charac-
ter is mentioned both Potemkin (1993) and Schuster
(1995). Study of the specimens from the clade of . bi-
crenatus shows that marginal cells of leaves are mostly
slightly smaller than midleaf cells. This is not always
easy to detect due to the fact that the leaves in 1. bicrena-
tus plants often are strongly concave and the leaf margin
is difficult to place flat on the slide.

Another character by which the discussed species dif-
fer from each other is the perianth mouth. Schuster (1969)
described the perianth mouth in /. bicrenatus as “lobu-
late-ciliate, the longer teeth 3-4 celled” in contrast to /.
alboviridis in which the perianth mouth is feebly lobu-
late, sharply spinose-dentate to shortly ciliate-dentate,
with teeth 1-2(-3) cells long. However, the perianth
mouth in 1. bicrenatus is not always strongly serrated,
and some specimens have perianth mouths with scattered
1-2-celled teeth. Moreover, in the specimens from Cen-
tral America, Bakalin (2008) describes plants with crenu-
late perianth mouth.

In general, the identification of species of the genus
presents significant difficulties. This is especially true
for I alboviridis and 1. bicrenatus whose hybrid relation
have been discovered. Therefore, for the correct identifi-
cation of the species it is necessary to consider a set of
features in their interrelation, which was emphasized by
the authors who studied the genus (Potemkin, 1993;
Schuster, 1995).

Ecology

Schuster (1995) and Potemkin (1993) point out dif-
ferences in the ecology of the Isopaches species, sug-
gesting that the /. bicrenatus occurs on acidic substrates,
while . alboviridis is Ca-tolerant species. Later (Schuster,
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Table 4. Distinctions between I. bicrenatus, I. alboviridis, and 1. decolorans.

Character

Appearance

Color of shoots

Sex allocation

Leaf width/length ratio
Leaf shape

Leaf lobes

Apex of lobes

Sinus of leaves

Marginal leaf cells

Gemmae

dark bright red-brown,

Male bracts

Female bracts

Perianth mouth

Antheridial stalk

1. bicrenatus

compact, leaves imbricate,
more or less dense leaved
especially in upper part of
shoot, fresh

plants odorous

from almost clear green to
dark or bright red-brown

sometimes with vinaceous
basal ventral part of leaves

Paroicous, mostly fertile,
but often mixed with male
gemmiparous plants

0.95-1.2/1
concave
wider than long

blunt (obtuse) to acute
ending in one not or slightly
elongated cells

obtuse to rectangular,
0.2-0.3 leaf length

Usually slightly smaller than ,
inner, 17-20 um measured along
margin

yellow to red brown,
mostly stellate,

with thickened angles

in 2—4 pairs, distinctly
unevenly bilobed,
sometimes with

an additional tooth

bilobed or with additional
lobes coarsely dentate with
teeth 1-3 cells long or

with scattered 1-celled teeth
or almost without teeth

numerous to scattered 1-3-
celled teeth, the upper of which
is cuspidate (a single 4-celled
teeth occur)

very short, 1-2(-3)-seriate

1. alboviridis

leaves imbricate, more or
less dense leaved
specially in upper part of
shoot, fresh plants not
odorous

whitish-green to golden-
brown and dark light and
dark brown and dark red
brown

Dioicous, heteroicous,
paroicous, often sterile or
with androecia,
proterandry often occurs

ca. as wide as long
concave
longer or as wide as long

cuspidate, ending in 1-2(-3)

superposed cells with upper
(or single) mostly (but not
always) elongated cell, apical
part often pellucid or destroyed

V-U shaped, 0.25-0.4 leaf
length

in one-two rows along

margin smaller than inner
cells, ca. (11-)13-18(-20) um
measured along margin

light brown, uniformly
stellate with long

but sometimes polygonal,

(15-)17-20(-25) um

in 2-4(-7) pairs, larger
than leaves, imbricate,
concave, subequally
bilobed or 3-lobed with
small third lobes or teeth
2-3(—4)-lobed, coarsely
dentate with variable teeth
ending in 1-3(-4)
uperposed cells, or with
scattered teeth

shallowly lobulate,
spinose-dentate with teeth
to 1-2(3) cells long

very short, 1-seriate

161

1. decolorans

julaceous, closely densely
leaved, looks like
Prasanthus Lindb., fresh
plants not odorous

shiny golden yellow and
grassy green

Dioicous or more rare
paroicous

1.2-1.3/1
concave to hemispherical
much wider than long

acute to apiculate

crescentic, 0.1-0.15(-0.2)
leaf length

20-25 pum, two-celled,
with thickened angles
thickened angles, 18-25 x

4-5-angled, variable four-
pentagonal, rarely ellipsoidal
or stellate, with more or less
thickened angles

larger than leaves, each
with a conspicuous antical
tooth

2-3-lobed, much larger
than leaves, with few or no
teeth

lobulate with scattered
teeth often 2—3-celled at base

very short, 1-seriate
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1988: 84) assumed that I. alboviridis “largely replaces
L. bicrenata in non-acidic sites”. This is indirectly con-
firmed by the records of the species in the Murmansk
region, where it was found in areas with a predominance
of basic rocks.
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Appendix 1. The list of specimens for molecular phylogenetic estimation. The numbers start with PX are obtained in this study.

Taxon Specimen voucher

Anastrepta orcadensis
(Hook.) Schiftn.

Russia: Republic of Buryatia,

Konstantinova 59-1-01 (KPABG-102486)

GenBank accession number
nrlTS trnL-F rbelL
DQ875126 DQ875088

psbA-trnH

A. orcadensis China: Yunnan Province, Long 34711 (E) KF852268

Anastrophyllum assimile

(Mitt.) Steph. Russia: Altai Territory, Ignatov #4/1 (KPABG) KF836651 KF836661

Barbilophozia hatcheri ~ Russia: Arkhangelsk Region, Novaya Zemlya, OR536583 OR540408

(A. Evans) Loeske Sidorenko & Czernyadjeva 18-20 (LE-B-0028137)

B. hatcheri Russia: Kamchatka Territory, Bakalin 53 (GOET) KC184708

B. sudetica (Nees ex Huebener) KF852392

L. Séderstr,, De Roo & Hedd. Czech Republic, Shaw 12991 (DUKE)

B. sudetica Norway: Svalbard, EU791796 EU791679
Konstantinova K91-4-06 (KPABG-111837)

Crossocalyx hellerianus  Russia: Sakhalin Region, Sakhalin Island, KF836643 KF836666

(Nees ex Lindenb.) Meyl. Bakalin Exsiccatae #52 (VLA, KPABG)

Gymnocolea inflata Switzerland: Suedtirol, Oetztaler Alpen, PX620329 PX632782

(Huds.) Dumort. Schaefer-Verwimp & Verwimp 41089 (KPABG-125590)

G. inflata United Kingdom, Cailliau et al. 888 JX305549

Hattoria yakushimensis LC744594 LC376049 LC376047
(Horik.) R.M. Schust. Katagiri 4281 (NICH)

Isopaches alboviridis Russia: Amur Region,

(R.M. Schust.) Schljakov Bakalin 37-9-00 (KPABG-101728)

L. alboviridis Russia: Murmansk Region,

Konstantinova 211-3-02 (KPABG-9563)

Russia: Murmansk Region,

Konstantinova K1-1b-23 (KPABG-125996)
Russia: Perm Territory,

Konstantinova K303-1-04 (KPABG-108224)
Russia: Republic of Sakha (Yakutia), Bakalin
Hepatica Rossica Exsiccata #7 (KPABG-112385)

Japan: Kagoshima, Yakushima Island,
PX620307 PX632757 PX632786 PX632795
PX620308 PX632758

L alboviridis PX620309 PX632759
PX620310 PX632760

L alboviridis

L alboviridis PX620311 PX632761
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Taxon

L alboviridis

L alboviridis

L alboviridis

1 bicrenatus (Schmidel ex
Hoffm.) H. Buch

1. bicrenatus

I bicrenatus

L bicrenatus
L. bicrenatus
L. bicrenatus
1. bicrenatus
L bicrenatus

I bicrenatus
. bicrenatus
1 bicrenatus

L. bicrenatus
I bicrenatus
. bicrenatus
I bicrenatus

1. bicrenatus

1. bicrenatus
I decolorans
(Limpr.) H. Buch
1 decolorans

1. decolorans

1 valdiviensis Mamontov,
Vilnet & Konstant.
Neoorthocaulis attenuatus
L. Soderstr,, De Roo & Hedd.
N. attenuatus
Obtusifolium obtusum
(Lindb.) S.W. Arnell

N.A. KONSTANTINOVA, A.A. VILNET & YU.S. MAMONTOV

Plicanthus birmensis (Steph. ex

Schiffn.) R.M. Schust.
Potemkin & Vilnet

Konstant. & Vilnet

Schijakovianthus quadrilobus

(Lindb.) Konstant. & Vilnet

S. quadrilobus

Sphenolobus minutus

(Schreb.) Berggr.

S. minutus

Tetralophozia filiformis
(Steph.) Urmi

Specimen voucher GenBank accession number
nrlTS trnL-F rbcL psbA-trnH
Russia: Yamal-Nenets Autonomous Area, PX620312 PX632762 PX632787 PX632796
Bezgodov #301 (KPABG-118950)
U.S.A.: Alaska, Potemkin ALA B29451 (LE-935801) PX620313 PX632763
U.S.A.: Alaska, Potemkin ALA B27069 (LE) PX620314 PX632764 PX632797
Russia: Amur Region, PX620315 PX632765
Bakalin 37-1-00 (KPABG-101720)
Russia: Republic of Buryatia, Konstantinova K1-1-01 (KPABG) PX620316 PX632766
Russia: Republic of Buryatia, PX620317 PX632767
Konstantinova 19-02 (KPABG-104396)
Russia: Kamchatka Territory, PX620318 PX632768
Bakalin K-40-1-02-VB (KPABG-104037)
Russia: Kamchatka Territory, PX620319 PX632769
Bakalin K-24-4-03 (KPABG-105425)
Russia: Khanty-Mansi Autonomous Area, PX620320 PX632770 PX632788 PX632798
Lapshina EL-02228a (KPABG)
Russia: Murmansk Region, Konstantinova OP584691 OP573530 PX632789 PX632799
K129-1-19 (KPABG-124358)
Russia: Murmansk Region, PX632771
Konstantinova & Savchenko K73-4-15 (KPABG-120685)
Russia: Murmansk Region, Konstantinova K34-2-88 (KPABG) PX620321 PX632772
Russia: Murmansk Region, Konstantinova 41-1-24 (KPABG) PX620322 PX632773
Russia: Nizhny Novgorod Region, PX632774
Konstantinova 154-03 (KPABG-106058)
Russia: Perm Territory, Konstantinova E381-04 (KPABG) ~ PX620323 PX632775
Russia: Perm Territory, Bezgodov AB192a-09 (KPABG-117327) PX620324 PX632776
Russia: Republic of Sakha (Yakutia), Bakalin 18.07.2000 (KPABG) EU791797 AY327788 PX632790 PX632800
Russia: Republic of Tatarstan, PX620325 PX632777
Ignatov & Ignatova 14a-05-03 (KPABG-109469)
Russia: Karachayevo-Circassian Republic, PX620326 PX632778 PX632791 PX632801
Konstantinova K512-1-05 (KPABG-109798)
USA: Vermont, Shaw 6970 (DUKE) KF852384
Russia: Karachayevo-Circassian Republic, EU791798 EU791680 PX632792 PX632802
Konstantinova K464-3-05 (KPABG-109693)
Russia: Murmansk Region, PX620327 PX632779 PX632793 PX632803
Borovichev BE243-1-12 (KPABG-21382)
France: Savoi, Castelli 06.08.1962 (LE) PX632780 PX632804
Chile: Los Rios Region, Mamontov 754-3-9134 PX620328 PX632781 PX632794 PX632805
(KPABG127751)
(Mart.) Russia: Kemerovo Region, PX620332 PX632785
Konstantinova 87-2-00 (KPABG-101941)
Poland, Strebel 226 (GOET) KC184733
Russia: Kamchatka Territory,
Bakalin & Klimova K-102-2a-21 (VBGI) OP082400 OP205298
Japan: Fukuoka, Mt. Houman, Amamoto 35 (HIRO) LC649032 LC649025 LC648981
Rudolgaea fascinifera (Potemkin)  Russia: Republic of Sakha (Yakutia), Kytalyk PQ686974 PQ699322 PQ699389
National Park, Lapshina 019E-6-23 (KPABG-126373)
Schljakovia kunzeana (Huebener) Russia: Trans-Baikal Territory, OR769961 OR762255
Bakalin 38-1-00 (KPABG-101737)
Russia: Murmansk Region, PX620331 PX632784
Konstantinova K10-4-17 (KPABG-121734)
U.S.A.: Alaska, Shaw F982b/8 (DUKE) KF852393
Russia: Krasnoyarsk Territory, Taimyr Peninsula, PX620330 PX632783
Lapshina 210E/2-21 (KPABG-124536)
Norway: Svalbard, Hentschel Bryo 0421 (GOET) DQ312475
China: Yunnan Province, MZ231276 MZ229434
Bakalin & Ma China-73-44-18 (VBGI)
China: Yunnan Province, Shaw 5790 (DUKE) KF852352

T. filiformis
Vietnamiella epiphytica
Bakalin & Vilnet

Vietnam: Lao Cai Province,
Bakalin & Klimova V-9-7-17 (KPABG-122594)

MK277316 MK290984 MK290986



