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A FURTHER RANGE EXTENSION FOR REDFEARNIA (BRYOPHYTA,
AMBLY STEGIACEAE), WITH NEW DATA ON ITSPHYLOGENETIC POSITION

O PACIHLIMPEHNU APEAJIA POIA REDFEARNIA (BRYOPHYTA, AMBLYSTEGIACEAE)

N HOBBIX JTAHHbBIX O EI'O ®UJIOI'EHETUYECKOM ITOJIOKEHUHN

MICHAEL S. IGNATOV12 & OXANA |. KUZNETSOVA?®
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Abstract

Redfearnia baii is reported from southern Siberia, Russia, from the Altai Mountains in the Altai
Republic and from the West Sayan foothills in Khakassia. Its previously suggested enigmatic origin as
aputativeintrafamilial hybrid issupported. Molecular phylogenetic analysis of awider set of pleurocarps
confirmed the similarity of its nuclear ITS1 to Herzogiella (Plagiotheciaceae), while ITS2 issimilar to
Campylophyllum, Platyhypnum, Drepanium, Podperaea, and Tomentypnum, which form a basal grade
within the Amblystegiaceae. Affinity to the latter group of generais found in separate analyses of
plastid atpB—rbcL, trnG and trnS—rnF, and of mitochondrial nad5. 1GS sequences that are situated in
the genome after I TS2 also support affinity to the Amblystegiaceae. Thus, the only evidence for foreign
genes with affinity to the Herzogiella come from nuclear ITS1. However, this evidence is very clear
and confirmed from plants from five localities separated from each other by hundreds or thousands of
kilometers. Possible explanations for this inconsistency are discussed. Morphological distinctions be-
tween the Asian and American species of Redfearnia are reviewed.

Pesrome

[MpuBoasitest Haxonaku Redfearnia baii u3 Poccun — ¢ tora Cubupu B ropax Anras (PecryOnunka
AnTaii) u B npenropeax 3anaanoro Casna (Xakacus). [loaTBep:kaeHo paHee BBICKa3aHHOE Mpe-
HOJIOKEHHE O IIPOUCXOKICHUHM pojia Redfearnia B pe3ynbrate ruOpUAN3ALMN MEX/LY IPEACTABUTEIAMU
pasHbIX ceMeUCcTB. MoneKynsapHO-(QUIOreHeTHUECKUI aHaIn3 PalIMPeHHON BHIOOPKH OOKOIIIOIHBIX
MXOB HOJTBEPANII CXOJACTBO saepHoro mapkepa ITS1 Redfearnia ¢ atum mapkepom pona Herzogiella
(Plagiotheciaceae), Toraa kak ero ITS2 cBuaerenbcTByet o pozactse ¢ pogamu Campylophyllum, Platy-
hypnum, Drepanium, Podperaea v Tomentypnum, 00pa3yIomnuMu B GUIOTEHETHIECKOM JiepeBe 0a3ab-
HyI0 rpajay k cemeiicTBy Amblystegiaceae. CxoncTBo Redfearnia ¢ 3Toii rpymoil pooB ObLIO BBISBICHO
U TIpY HE3aBHCHUMOM aHalli3e IUIACTHIHBIX MapkepoB atpB-rbcL, trnG u trnS—trnF, a Taxke MuTO-
XOHJIPUAIBHOTO 1adS. HeckollbKo OoNTy4eHHBIX TocieoBarenbHoctei IGS, pacnonokeHHOro B reHOMe
nocie ITS2, cXoaHbI ¢ MOCASAHUM MapKepoM B TOM, 4TO OHH ITOKa3bIBAIOT POACTBO Redfearnia ¢
cemeiictBom Amblystegiaceae. Takum 00pa3oM, €AHHCTBEHHOE CBHUJIETEILCTBO POJCTBA ITOTO Pojia €
Herzogiella mpoucxoaut ot saepHoro Mapkepa ITS1. Tem ne menee, ITS1, nonydeHHbIH U3 pacTeHUi
U3 TATH TOMYNALMH, pa3AeleHHbIX APYT OT APyra COTHAMH U ThICA4aMH KHJIOMETPOB, ITOKA3bIBAET
OYeHb YeTKyI0 KapTuHY. OOCYKIal0TCs BO3MOXKHBIE 00BSCHEHHS 3TOr0 HECOOTBETCTBMS JAHHBIX IO
ITS1 1 ocTanbHBIM H3y4YeHHBIM MapkepaM. [IpuBeeHs! Mopdonornyeckie OTININS MEK Ty a3HaTCKUMHU
U aMEpUKAHCKUMH TIOMYJISLUAMHU poja Redfearnia.

KEYWORDS: mosses, hybridization, disjunctions, Plagiotheciaceae, Herzogiella, Redfearnia,
Podperaea, taxonomy, ITS, molecular phylogenetics

INTRODUCTION
Molecular phylogenetic studies in recent decades
have given new insights into phylogenetic relationships
in many groups of living beings. The traditional clas-
sification of well-defined groups has usually been sup-
ported, while molecular studies of difficult taxa with
guestionable placement have often yielded unexpected

results, which have often been corroborated by closer
morphological studies. This has been especially truefor
groups with a deficiency of morphological characters,
such as mosses, and especially pleurocarpous mosses
(Vanderpoorten et al., 2002; Ignatov et al., 2007; Goffi-
net et al., 2009; Huttunen et al., 2012, 2013; Kudera et
al., 2019).
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Fig. 1. Distribution of Redfearnia homomallifolia (Redf.) J.T.Wynns (blue circles) and R. baii (red squares).

However, not all molecular phylogenetic studiesyield
unequivocal results. One such case is the genus Redfear -
nia J.T. Wynns. Wynns (2020) erected this genus for the
rare North American species Pseudotaxiphyllum ho-
momallifolium (Redf.) Ireland, which hefound to be very
different from other species of the genus Pseudotaxiphyl-
lumZ. lwats. in terms of nuclear I TS sequences; howev-
er, he failed to place it in any family. Wynns also found
that P. homomallifolium has very similar ITS sequence
as Podperaea baii Ignatov, described from Inner Mon-
golia, China (Ignatov & Milyutina, 2011), which he also
transferred to Redfearnia.

Thus, Redfearnia baii (Ignatov) J.T. Wynns is an
enigmatic moss with a putative intrafamilial hybrid ori-
gin: itsI TS1 sequenceisvery similar to Herzogiella turfa-
cea (Lindb.) Z. Iwats. belonging to the Plagiotheciaceae
(Ignatov & Milyutina, 2011), while ITS2 has nothing to
do with that family. Plants from Inner Mongolia were
previoudly referred to Podperaea krylovii (Podp.) Z. lwats.
& Glime (Zhao et al., 2006; Bai, 2010) on the basis of
morphological similarity, and later Ignatov & Milyutina
(2011) found a certain similarity in the ITS2 sequences
of Inner Mongolian plantsto species of Ambystegiaceae,
including P. krylovii. The link was not as obvious as the

similarity of ITS1 to Herzogiella Broth., but was most
similar to a group of genera in a basal grade of the
Amblystegiaceae, including Campylophyllum (Schimp.)
M. Fleisch., Drepanium (Schimp.) Lange & C.E.O. Jens-
en, Myrinia Schimp., Platyhypnum L oeske, and Tomen-
typnum Loeske (Ignatov et al., 2007; Huttunen et al.,
2012).

Theorigina conclusion of Ignatov & Milyutina(2011)
was that Podperaea baii is an extremely strange moss
with an “impossible” combination of ITS1 and ITS2.
However, as its distribution was thought to be confined
only to one province of China, this case remained not
much further studied, also due to a paucity of collections
and ambiguous results found in preliminary analyses of
small sets of trnL—F and rps4 sequences.

Shortly afterward, the species was collected in South
Siberia in two mountain areas, in Altai and in the West
Sayans (east of Altai), thusits Asian distribution appeared
to exceed 2200 km (unpublished). In addition, Wynns
(2020) found that the North American moss known as
Pseudotaxiphyllum homomallifolium, occurring 10000—
12000 km from Asian populations of Podperaea baii, is
very similar to that speciesin terms of ITS. Wynns thus
placed these two species in the newly established genus

Table 1. Primers for PCR used in this study, and programs for DNA regions.

Region  Primer
IGS 26dR2  GAGATGAATCCTTTGCAGACG F
5S(r)R2 GAGTTCTGATGGGATCYGGTG R
ITS ITS1  TCCGTAGGTGAACCTGCGG F
ITSB  GATATGCTTAAACTCAGCGGG R
trnS-trnF trnSf  TACCGA GGGTTCGAATC F
F ATT TGAACTGGTGACACGAG R
trnG trnGF1 ACCCGCATCGTT AGCTTG F
trnGR  GCGGGTATAGTTTAGTGG R
atpB-rbcL atpBl  ACATCKARTACKGGACCA ATAA F
bcL1  AACACCAGCTTTRAATCCAA R
nad5 Nad5F4 GAAGGAGTAGGTCTCGCTTCA

F
Nad5R3 AAA ACGCCTGCTGTTACCAT R

F/R Reference

Wicke et al., 2011
Wicke et al., 2011
White et al., 1990
Sahin et al., 2007

[Pacak & Szweykowska g5
-Kulinska, 2000
Chiang et al., 1998
Chiang et al., 1998
Beckert et al., 1999
Beckert et al., 1999

Program

94°C 3' (initial denaturation); 30 cycles:
94°C 20", 62°C 20", 72°C 40"; 72 5'

94°C 3' (initial denaturation); 58°C 30"; 72°C
1'; 32 cycles: 94°C 30", 58°C 30", 72°C 1';

o U

Souza-Chies et al., 1997 gqoc 5' (initial denaturation); 30 cycles: 95°C
Taberlet et al., 1991

1',56°C 1', 62°C 50'; Ramp 0,3 C/s, 62°C

4'; 94°C 30", 58°C 30", 72°C 1'; 62°C-5'

°C 5' (initial denaturation); 35 cycles:

95°C 30", 56°C 30", 72°C 90"; 72°C &'

95°C 3' (initial denaturation); 28 cycles:
95°C 30",48°C 1',72°C 2';72°C 3'

94°C 3' (initial denaturation); 30 cycles:
94°C 20", 48°C 30", 72°C 1'; 72°C 5'
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Redfearnia. Further elucidation of the phylogenetic po-
sition of this genus is the aim of this report, along with
new data on its distribution and ecology in Asia.

MATERIAL AND METHODS

Redfearnia specimens from the previous study were
supplemented with new collectionsfrom Russia (Fig. 1),
from the Altai Mountains and from the Abakan River
basin in the foothills of the West Sayans. Some addition-
al specimens of the genus Herzogiella that showed asim-
ilarity to Redfearnia in terms of 1TS1 were also se-
guenced.

In addition to nuclear I TS, we sequenced mitochondrial
nad5 and plastid trnG and trnS—trnk. These regions have
beenwidely used inrecent molecular studiesof pleurocarps,
sotheir sequencesarewd | represented in GenBank for many
pleurocarpous moss families (Olsson et al., 2009a, 2009b,
2010, 2011; Stech & Quandt, 2014; Wynns & Lange, 2014;
Kucera et al., 2019; Ignatov et al., 2019a).

A few nuclear ribosomal IGS sequences were aso
obtained for Redfearnia baii and the two species closest
to it, Herzogiella turfacea and Podperaea krylovii. This
marker is more variable than ITS, but also more difficult
to amplify, align and analyse, although in some cases it
obviously improves the phylogenetic resolution (Ignato-
vaet al., 2017, 2020). Although it can not be used for an
expanded data set of pleurocarpous mosses, a compari-
son between three genera (in this case Redfearnia, Her-
zogiella and Podperaea) can easily be performed.

Molecular phylogenetic studies

The laboratory protocol was essentially the same as
in Gardiner et al. (2005). Primers used for amplification
are shown in Table 1.

Datasets

BLAST searches of plastid and mitochondrial se-
guences from Redfearnia baii were carried out in Gen-
Bank, and the 300 most similar results were used for
subsequent analyses. Redundant sequenceswere removed.
Final plastid data sets included 96 sequences of atpB—
rbcL, 117 of trnG, and 77 of trnS-trnk, as well as 201
segquences of mitochondrial nad5. Data on newly se-
guenced samples are in Table 2.

We tried to include as many groups of Hypnales as
possible, especially for families that have leaves with
poorly developed costae. In many cases one species was
represented by more than one specimen, especially for
the Plagiotheciaceae and the Amblystegiaceae, families
that according to Ignatov & Milyutina (2011) and pre-
liminary tests were most likely related to Redfearnia.

Sequences were aligned using MAFFT v. 7.402 (Ka
toh & Standley, 2013) with standard settings.

For ITS we used the alignment from Kucera et al.
(2019), supplemented by Redfearnia, Podperaea, and
some additional Plagiotheciaceae.

Bayesian analyseswere performedin MrBayesv. 3.2.6
(Ronquist et al., 2012), using four rounds, six Markov

chains, 20,000,000 generations, and the GTR+G model
of nucleotide sequence evolution. The chain temperature
was set at 0.02in all analyses. Convergence of each anal-
ysis was evaluated using Tracer v. 1.4.1 (Rambaut &
Drummond, 2007). Consensus trees were calculated af -
ter omitting the first 25% of trees as a burn-in. Analyses
were performed on the Cipres Science Gateway (http://
www.phylo.org/portal2) on XSEDE (Miller et al., 2010).

RESULTS

ITS1tree(Fig. 2). Redfearniawasresolved in aHer-
zogiella clade (PP=0.98) that was sister to a Plagioth-
ecium Schimp.+ Struckia Mull. Hal.+ Ortholimnobium
Dixon+ RectitheciumHedends & Huttunen + Isopterygiel-
lalgnatov & Ignatova clade (PP=0.82), and their mutual
cladeisweakly supported (PP=0.82). All representatives
of Plagiotheciaceaein thisanalysisformed abasal grade.
Within the Herzogiella+ Redfearnia clade, H. seligeri
(Brid.) Z. Iwats. was sister to the rest of the group; then
Redfearnia baii formed aclade (PP=1.0) sister to the other
species of Herzogiella plus Redfearnia homomallifolia.
The latter species formed a poorly-supported subclade
with H. striatella (Brid.) Z. Iwats. within the terminal
clade. Podperaea krylovii was resolved in a basal grade
of Amblystegiaceae (PP=0.98) with Arvernella Hugon-
not & Hedenéas, Campylophyllum, Drepanium, Myrinia,
Platyhypnum p.p., and Tomentypnum.

ITS2tree (Fig. 3). Similar to ITSL, the tree included
a basal grade of Plagiotheciaceae, but Redfearnia was
absent there. Both Redfearnia and Podperaea were re-
solved in a grade that included Arvernella, Campy-
lophyllum, Platyhypnum p.p., and Tomentypnum. This
grade subtended a polytomy of many groups of mosses
terminated by a clade of Pylaisiaceae. The genera Myri-
nia, Drepanium, and some species of Platyhypnum were
scattered in the polytomy. The speciesthat formed abas-
al grade of Amblystegiaceaein ITS1 werenot al resolved
together, nor did they fall in the Amblystegiaceae.

trnG tree (Fig. 4). This plastid marker resolved most
species in a polytomy of five clades. The Plagiothecia-
ceae and Amblystegiaceae werefound in different clades,
which included representatives of other families as well.
Redfearnia and Podperaea formed a clade with low sup-
port, while their own clades had maximal posterior prob-
abilities. This Redfearnia+ Podperaea cladefell in abasal
grade of Amblystegiaceae, which also included Scor pid-
ium and Sanionia of the Scorpidiaceae.

trnS—rnF tree (Fig. 5). This tree showed a pattern
similar to trnG: most species were resolved in a polyto-
my of six clades. One of these cladesincluded only Pla-
giotheciaceae, and another only Amblystegiaceae s.str.
plus Redfearnia and Podperaea.

atpB—rbcL tree(Fig. 6). Thetreewas poorly resolved,
somewhat resembling thel TS2 tree. The Amblystegiaceae
clade included both Podperaea and Redfearnia, howev-
er, it was not supported. Core Plagiotheciaceae (Plagio-
thecium and also Herzogiella), Scorpidiaceae and part
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Fig. 2. Bayesian phy-
logenetic tree based on
ITS1. Posterior probabili-

ties of 0.70 and more are
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Fig. 3. Bayesian phylogenetic tree based on ITS2. Posterior
probabilities of 0.70 and more are shown at branches.
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Bhynchosteglum celebicum MN847495
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Fig. 4 (continued on next page). Baye-
sian phylogenetic tree based on plastid
trnG. Posterior probabilities of 0.70 and
more are shown at branches.

Thuidiopsis furfurosa MN847564
Thuidium pristocalyx MN847491
Entodontopsis nitens MN847565

Mesochaete undulata MN847489

Mniodendron comatulum MN847490

Plagiomnium novae-zealandiae MIN847488

of the basal grade of Amblystegiaceae were resolved in
another unsupported clade.

nad5tree (Fig. 7). The sequenceswere not very vari-
able and the tree was rather poorly resolved, such that
many species of the same genus, e.g. Herzogiella, were
unresolved in a large polytomy. Genera of Plagiotheci-
aceae mainly formed monogeneric clades. However, the
Amblystegiaceae wasrather strongly supported (PP=0.99),
and both Podperaea and Redfearnia were nested in this
clade.

IGS data (Fig. 8) are difficult to use for phyloge-
netic analysis because a big data set will have almost
no unequivocally aligned parts. However, just from in-

spection of the alignment it could be rather clearly seen
that Redfearnia differs more from Herzogiella (134
substitutions and indels) than from Podperaea (31 sub-
stitutions and indels), which was to be expected, as the
IGSregionissituated closer to I TS2 thanto I TS1 (Wicke
et al., 2011).

ITS differences between Redfearnia baii and R.
homomallifolia included four substitutions and one in-
sertion (of 3 nt) in ITS1, and two substitutions and one
insertion (of 1 nt) in ITS2. At the same time, the differ-
ences between Redfearnia baii and Herzogiella turfacea
included three substitutions and no insertions in ITSL,
and 35 substitutions and 6 indels (of 1, 9, 8, 1, 4, and 24
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Fig. 4 (beginning on previous page). Baye-
sian phylogenetic tree based on plastid #nG.
Posterior probabilities of 0.70 and more are
shown at branches.

Pl



Pl =

A further range extension of Redfearnia, with new data on its phylogenetic position

0.85

Plagiotheciacese

NZ

Redfearnia

A (I

Amblystegiacese

Po

Podperaea

o

0.008

0.94

0.99 Enrothia polyclada MN031370

_L Pinnatella alopecuroides AM990423
Pseudanomodon giraldii AM990342
Neckeropsis nitidula AM990419
Thamnobryum maderense AM990445
Thamnobryum subserratum AM990446
Porotrichodendron robustum AM990426
Heterocladium heteropterum AM990377

1 Alleniella complanata AM990413
" Alleniella remota AM990415
_1 — Forsstroemia cryphaeoides MN031384
Forsstroemia konoi MN031376

Forsstroemia producta MN031379
Neckera pennata MN841359
Thamnomalia glabella AM990382

RN

L Dolichomitra cymbifolia MN841361

Leptopterigynandrum sp. AM990404
Pseudomalia webbiana AM990387
Orthostichella hexasticha LR130211
Orthostichella rigida AM990422
Porotrichum substriatum AM990431
Homaliodendron piniforme AM990391
0.98 Redfearnia baii IM142
’_1|E?edfeamia baii IM82
1 Redfearnia baii IM238

1 — Redfearnia baii OK2862
Redfearnia baii OK549

0.8 Podperaea krylovii IM141
41[[ Podperaea krylovii IM420
Podperaea krylovii IM192

1 [ Campylium stellatum MT354754
Campylium stellatum NC 049072.1 52199-53960
1 [ Drepanocladus aduncus MT354756
Drepanocladus aduncus NC 049074.1 52051-53706

1]

1 [ Amblystegium serpens MT354751
Amblystegium serpens NC 049069.1 52185-53941
Cratoneuron filicinum MT354755

0.97 1 Orthothecium chryseon MT683705
F Orthothecium chryseon MT683708

11 Orthothecium lapponicum MT683727
Orthothecium sibiricum MT683738

1 1 Orthothecium strictum MT683750
_1E[ Orthothecium strictum MT683751
Orthothecium strictum MT683758

Pseudotaxiphyllum fauriei AM990434

Anomodon viticulosus MN045100

1 Haplohymenium longinerve AM990372
[: piohy g

Haplohymenium triste MN045112
Anomodontella longifolia MN045092
1 r Calliergonella cuspidata MT354752

0.78

.8

1

0.96]

0.72
193]
Dozya japonica LR130204
1 Anomodon minor MN045095
] EAnomodon solovjovii MN045096
73|
1
7]

Iwatsukiella leucotricha MN045125

0.99r Sarmentypnum sarmentosum MT354753
1 1 Sarmentypnum sarmentosum NC 049071.1 52419-54205
Sarmentypnum exannulatum NC 049076.1 52390-54176

Straminergon stramineum AM990351
Claopodium pellucinerve MN045103
Claopodium whippleanum MN045104
Andoa berthelotiana AM990341

Scleropodium purum AM990439

0.95 Isothecium alopecuroides MN841345
| 1 Isothecium stoloniferum MN841347
[~ Bryolawtonia vancouveriensis AM990349
Heterocladiella dimorpha MN045117

—1{: Hylocomiastrum pyrenaicum AM990395
Hylocomiastrum umbratum AM990396

Calyptothecium recurvulum AM990352

Entodon dregeanus AM990363
Herpetineuron toccoae MN045114
Hypnum cupressiforme AM990398
Miyabea fruticella AM990411

Cryphaea amurensis AM990355

L Calliergonella cuspidata NC 049070.1 52252-54029
{Gollania ruginosa AM990370
Macrothamnium hylocomioides AM990408

33

R
Po

Fig. 5. Bayesian phyloge-
netic tree based on plastid
trnS—trnF. Posterior probabili-
ties of 0.70 and more are
shown at branches.
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0.009

Fig. 6. Bayesian phylogenetic tree
based on plastid atpB—rbcL. Posterior
probabilities of 0.70 and more are shown
at branches.
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P IMB51 AGATTCGGCCTCACCG-TCCCAACGATTTGT TACCCCCT TCATGCGCGCCARGTCL CGARRCACCR~ ACCCARCAL ACCCTAARCC-CCARCOGGTGCGCGCOGT
P OK420 AGATTCGGCCTCACCG-TCCCAACGATTTGT COCCTTCATGCGCGCCARGTC CGAAACACCA- ACCCARCAL AAATCACCCTAAACC-CCAACCGGTGCGCGCOGT
R IM14Z2 AGATTCGGCCTCACCG-TCCCAACGATTTGT *COCCTCCATGCGC! GCCGAAA-GCCA 'GOCCAACACTT! ACGAGCCCTCCAACCGGCGCGCGCOGT
R IM238 AGATTCGGCCTCACCG- Tocmcaanmrmccocc‘rocuocecaﬂcnm C. GCCGAAA-GCCA SGOCCAACACTTGGAARAM TCACGAGCCCTCCAACCGGCGCGCGCCGT
R IMA49 AGATTCGGCCTCACCG-TCCCAACGATTTGT TACCCCCTCCATGCGCGATGAGTCCAGGGTGAGCCGAAA-GCCA- SCCAACACTT A CTCCAACCGGCGCGCGCCGT
H OK162 AGATTCGGCCTCACCGNTCCCAACGATTTGT TACCCCCTTTGGACTCTCCAAGTC GG TTCCTTCGGGAC TTCAGCACTT ATCGGGACTCGCOGC
H OK335 AGRTTCGGCCTCACCGGTCCCAACGATTTGT TACCCCCT TTGGRACTCTCCARGTCL GCGARACAC TTCCTTCGGGAC TTCAGCACTT TOGGGACTCGCCGT
P IMGES51 AGC ACH TGAACT ARTC CGTCACGCGGCGACCTCCCAGC TCCGATCTC AGACGGAACCAGCAC CACCACGACGGGCAACTCCAGGGTGCCTCCAAGGCTGCT
P OK420 AGCGARC ACCGCGGTGAACT ARTC: CGTCTCGCGGCGACCTCCCAGC TCCGATCTC GGAACCAGCACGOGCGGAGT CACCACGACGEGGCAACTCCAGEGTGCCTCCARGGCTGCD
R IM142 AGCCAATTCGGTTCACCGCAATGARCT GTCACGC = ==GGCGGGCGC-~GTCAC GGAACCAGCGOGOGCT CAGT CRCCGCGACGEGCAAC TCCAGGGCGCCTOCARGGCTGCT
R IM238 AGCCAATTCGGTTCACCGCAMTGAAL GTCACGC ~-GGCGGGCGC --GWCACGGAAGACGGAACCAGCGOGCGCT CAGT CACCGCGACGGGCAAC TCCAGGGC GCCTOCAAGGCTGCC
R IM649 AGCCAATTCGGTTCACCGC CGTCACGCAGGG- - -GGCGGGCGE -~ GTCACGGAAGACGGAACCAGCGCGOGCT CAGT CACCGCGACGGGCAAC TCCAGGGCGCCTCCAAGGCTGCT
H OK162 ~-GTGA--TCGGGA-GCCACGGL =—==ACCH GCTGCGAATCGG-~! GCGCCGTGACCAGGACGCGCTGCCAAT -OCGGGAGTCGC TCCGAAGTC ~=-AGTCC CCGCGAACC---~
H OK335 ~-GTGA--TCGGGA-GCCACAGCGAA: - =RAOCH CGCTGCGAATC! GTGACCAGGACGCGTTGCCAAT - OGGGAGTCGE TCCGAAGTCGGG--AGTCCAGEGGTGCCCGCGAACC -~ -~
P IM651 AARCCCTAACA-CT ATCGGAAT 2GTACTAGGCGCG- ~~ == == == == == === TCACGCGCTGGG-GAAGGC TCGACTCCC AGAGTCCCGGG
P OK420 Tmmccc'rm CTTGGARAAARAT CGGAAT GTACTAGGCGCG- 'CACGCGCT TCGACTCCC CCGGG
R IM14Z TGAGR TCCCARCAACT TGGARARAR CGGGAG £ GCGCCACGT TGTCACGCGC! AAGGCCCGACT CCCGGETGCOGCGACGL TG TCOCGGT
R IMZ238 TGAGAAGGAGAGT TCCCAACAALC GCKCCACGTA TGTCACGCGLC! AAGGCCCGACTCCCGGGTGCOGCGACGCTGL TCCCGGC
R IMG4%9 TCCCARCAACT TGGAARAAAAT: O *GCGCCACGTA TGTCACGC TEGG-GAAGGCCCGACT CCCGGGTGCCGCGACGCTGE CCEEC
H OK162 Ammccmmc WMTI"J\H‘MWM‘ === =GCAGCGECACTCOCAAGTC TECOCG TGOS AACCCAAGT
H QK335 = TCC-ACCACT AAATCAGGAGTCGC === =GCAGCGGCACTCCCAAGTCCAGGGTGCCCGCGAGACGCC TGE! AACCCAAGC
P IMES] ACTTAGAAAAARATTCTCCCGGTCATGAGTAAATACGTTIGGCCTCCACTCCTTGCCGTGATGCGGT CATACCARAGGCTACTACACCAGATCOCCATCA PiRiH 272
P OK420 ACTTAGA TCCCGGTCA TA TTGGCCTCCACTCCTTGCC GGTCATACCAAGGCTACTACACCAGATCOCCATCA
R IM14Z ACT---GGAAAMATTCTCCCGGTC ATACGTTTCGCCTCCTGTCCCTGOL GGTCATACCAAGGCTACTACACCAGRTCCCATCA P=R / H 134
R IMZ238 ACT---GGAAAAATTCTCCCGGTC AATA f-“"!"l‘CMCTOCNMCCTGCOGMWG\TWMGGCTMTWTOCGRNH
R IMGE49 ACT---GGAAAAATTCTCCCGGTC AATACGTTTCGCCTCCTGTCCCTGCCGTGATGCGGT CATACCAAGGC TACTACACCAGATCCCATCA R:H / P 3 1
H OK162 ACTTC-GAAAAAATTCCCTCACCTGTGTCTAAATACAATCGGC - TCCGTTAATTGCCGTGATGCGGT CATACCAAGGCTACTACACCAGATOCCATCA
H 0OK335 ACTTC-GAAAAAATTCCCTCACCTGTGTCTAAATACAATCGGC -TCCGTTARTTGCL 'GGTCATACCAAGGCTACTACACCAGATCCCATCA P:H / R 25
Fig. 8. Part of IGS alignment of (P) Podperaea krylowii, (R) Redfearnia baii, and (H) Herzogiella P/R/H 32
turfacea, and statistics on similarities of sequences, showing number of positions with six variants, where ? 4

= means identical sequences, / different sequences, ? positions ignored due to polymorphism.

nt) in ITS2. The differences between Redfearnia baii and
Podperaea krylovii included 48 substitutions and 11 in-
dels(of 3,3,4,1,3,5,3,1,3,2,and 1 nt) in ITS1, and
18 substitutions and 6 indels (of 1, 2, 1, 18, 1, and 1 nt)
inITS2.

DISCUSSION

The new results support previously obtained ones,
showing that the nuclear I TS1 sequence of Redfearniais
similar to Herzogiella, whereasthree plastid regions, one
mitochondrial region, and nuclear ITS2 are similar to
basal Amblystegiaceae (Arvernella, Campylophyllum,
Drepanium, Myrinia, Platyhypnum p.p., and Tomentyp-
num).

Ignatov & Milyutina (2011) explained this case as a
rare intrafamilial hybridization event, which resulted in
a narrowly distributed species. However, it is now clear
that the group includes two broadly disjunct species, one
in northern China and southern Asian Russia, and one
in northern Mexico and the southernwestern U.S.A.
(Fig.1). Such a disjunction implies a Tertiary or at least
early Quaternary age of the genus, resembling a number
of digunctions classified as Arcto-Tertiary (Schofield &
Crum, 1972; Schofield, 1980). Thishuge disjunction also
suggests a possible alternative explanation, i.e. that Red-
fearnia is arelict, a remnant of an ancient group which
existed before bifurcation into lineagesrepresented inthe
modern flora by the Amblystegiaceae and the Plagiothe-
ciaceae. However, the latter hypothesis is unlikely. An
early-diverging position of the Plagiotheciaceae in the
phylogenetic trees of the Hypnal eshas been found in many
studies, some with ITS included (Ignatov et al., 2007;
Huttunen et al., 2012, 2013), but also in some based only
on organellar markers (Cox et al., 2010) or on a large
dataset of plastid markers (Tsubota et al., 2004). These
analyses also resolved the Amblystegiaceae in a more
derived position. Liu et al. (2019) used a rather small
sampling of pleurocarps in their phylogenetic analysis

based on big data, but the Plagiotheciaceae were found
in a basal position in all separate analyses of plastid,
mitochondrial, and nuclear regions (Liu et al., 2019:
supplementary materials). Albeit with alimited sampling
of pleurocarps, the results of Bell et al. (2020) also sup-
port a basal position of the Plagiotheciaceae.

Itisdifficult to imagine that in Redfearnia five of the
DNA regions studied here, representing the nuclear, plas-
tid and mitochondrial genomes, evolved from an ances-
tor towards the Ambystegiaceae state, while only 1TS1
retained a plesiomorphic state. Also, the number of sub-
stitutions in ITS1 is ailmost equal, on one hand, between
the two species of Redfearnia, and on the other hand,
between Redfearnia baii and Herzogiella turfacea. This
limited variation does not suggest the great age that an
ancestor of such well-differentiated familieswould have.

In the present analysis some plastid trees do not re-
solve the Plagiotheciaceae as monophyletic, or if they
do, asin trnS-trnF (Fig. 5), or amost do (with one ex-
ception), intrnG (Fig. 4), then the Plagiotheciaceae clade
isnot the basal one. However, the sampling for this study
did not address the whole phylogeny of pleurocarpous
mosses, being focused on Redfearnia. A lack of key pleu-
rocarpous groups in these analyses therefore results in
incomplete phylogenetic reconstruction. A more compre-
hensive selection of taxafor plastid rbcL (Tsubotaet al.,
2004) resolved the Plagiotheciaceae near the base of pleu-
rocarpous moss phylogenetic tree, similar to that shown
in Figs. 2-3, asdid trees from other studies that included
ITS (Ignatov et al., 2007; Huttunen et al., 2012, 2013;
Kugera et al., 2019).

Therefore, the conclusion from the previous study (1g-
natov & Milyutina, 2011) about a putative hybrid origin
for Redfearnia remains the most probable, although ad-
ditional study using complete genomes and karyological
evidence undoubtedly will bring more clarity to this in-
teresting case.
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Fig. 9. Redfearnia baii (from: Russia, Khakassia, Ignatov & Spirina 11-5015, MHA9020702): 1-2: habit, dry; 3: capsule; 4:
stem transverse section; 5—6: branch leaves; 7-9: stem leaves; 10: upper leaf cells; 11, 12: median leaf cells; 13: basal leaf cells;
14-16: branch primordia; 17: axillary hairs. Scale bars: 2 mm for 2, 3; 1 mm for 1; 0.5 mm for 5-9; 100 um for 4, 10-17.

Recent studies using high-tech methods have consid-
erably expanded our understanding of interspecific, in-
tersectional and sometimes intergeneric hybridization in
mosses (Ignatov et al., 2019b; Sawangproh & Cronberg,
2021), including extremely unexpected evidence of how
easily they can acquire foreign DNA (Hedenas et al.,
2021). In this context, the Redfearnia case provides an
illustration of how a unique hybridization event retains
long-lasting detectability after millions of years.

TAXONOMY
Although we did not study Redfearnia homomallifo-
lia, published descriptions and illustrations (Redfearn,
1973; Ireland, 1994, 2014; Ireland & Buck, 2009; Wynns,
2020) allow us to provide a comparison of the two spe-
cies of the genus.

Redfearnia J.T.Wynns, Bryologist 123: 641. 2020.

Type species. Redfearnia homomallifolia (Redf.)
J.T.Wynns.

Plants moderately small, in loose or compact mats,
green or light green, glossy. Stems prostrate, irregularly
to rather regularly pinnately branched, loosely to dense-
ly, terete or subcomplanate-foliate; branches flexuose or
curved, terete, hyal odermis devel oped but sometimesin-
complete, central strand weak; paraphyllia absent; prox-
imal branch leaves surrounding branch primordiaon stem
lanceolate to ovate; axillary hairs 3-celled; rhizoids just
below leaf insertion. Leavesfrom an erect base gradually
reflexed to squarrose or erect-spreading, straight and
homomallous to upturned-homomallous, ovate-lanceo-



38 M.S. IGNATOV & O.1. KUZNETSOVA

Table 3. Differential characters of two species of the genus Redfearnia.

Character/Species R. baii

Foliage terete

Leaves from erect base reflexed to squarrose
Leaf shape ovate-lanceolate, +abruptly acuminate
Leaf size, mm 0.7-0.95%x0.35-0.45

Laminal cells, um 30-70x6-7

Spores, um 17-18

R. homomallifolia

terete to subcomplanate

erect-spreading, homomallous to upturned -homomallous
lanceolate to ovate-lanceolate, gradually tapered to apex
0.8-1.2x0.3-0.5

60-120%5-9

9-16

late, gradually or moreor less abruptly tapered to the apex,
gradually rounded to the base, not decurrent; margins
plane, serrate all around by acute simple teeth and partly
by ‘compound’ teeth, the ‘compound’ teeth rather per-
pendicular to the leaf margin, formed by projections of
two cells; costa double or forked shortly above the base,
short and weak, or occasionally with one branch extend-
ing to 0.5 the leaf length; laminal cellslinear, rather thin-
walled, smooth; alar cells quadrate to short rectangular,
forming a small, indistinctly delimited group, leaf mar-
gins above aars with elongate hyaline cells. Autoicous.
Perichaetial |eaves somewhat larger than the stem leaves,
with a single costa reaching midleaf, margin serrulate,
laminal cells smooth. Setae long. Capsules inclined to
horizontal, asymmetric, arcuate, strongly contracted be-
low the mouth when dry and empty; operculum conic to
shortly rostrate; annulus separated by fragments; peris-
tome double, complete, with long cilia. Spores 9-18 um.

Werefer Redfear nia to the Amblystegiaceae, because:
(2) it belongs to this family in al but one of the single-
marker trees (Figs. 3-7); (2) it has proximal branch leaves
occurring around dormant buds, whereas in the Plagio-
theciaceae branch primordiaremain for along time leaf-
less or ‘naked’ [we avoid the term ‘ pseudoparaphyllia,’
which is applied to non-homologous structures (Spirina
et al., 2020)]; and (3) costa extending to mid-leaf in per-
ichaetial leaves, whereas in the Plagiotheciaceae costa
in perichaetial leavesis absent or thin and indistinct. We
failed to find in Redfearnia any morphological features
that would suggest its placement in Plagiotheciaceae rath-
er than in Amblystegiaceae.

The differences between Redfearnia baii and Pod-
peraea krylovii were discussed and illustrated by Igna-
tov & Milyutina (2011): (1) laminal cells are smooth in
Redfearnia vs. distinctly prorate in Podperaea; (2) sim-
ple teeth at the leaf margin prevail, while double teeth
are few in Redfearnia vs. double teeth prevail in Podpe-
raea; (3) the capsule is long when mature in Redfearnia
vs. short in Podperaea.

The genusincludes two species; their distinctions are
listed in Table 3. The main differences seem to be the
foliage pattern, leaf shape, and degree of |eaf margin ser-
ration. In habit Redfearnia homomallifolia is most sim-
ilar to Herzogiella turfacea, whereasP. baii iseasily con-
fused with Campylophyllopsis sommerfeltii (Myrin)
Ochyra.

1. Redfearnia homomallifolia (Redf.) J.T.Wynns,
Bryologist 123: 641. 2020. — |sopterygium homomalli-
folium Redf., Bryologist 76(3): 440-442. 1973. —
Pseudotaxiphyllum homomallifolium (Redf.) Ireland,
Caldasia 16(79): 267. 1991.

Described from USA, Texas (see type information in
Wynns, 2020).

[llustrations and descriptions: Redfearn (1973); Ire-
land (1994); Ireland & Buck (2009); Ireland (2014);
Wynns (2020).

Distribution and Ecology: USA: Arizona (Cochise,
Navagjo, and Santa Cruz counties), New Mexico (Dona
Ana County), Texas (Kimble County); Mexico: Sonora.
At 1400-2000 m elev., on rocks and under rock ledges.

2. Redfearnia baii (Ignatov) J.T.Wynns, Bryologist
123: 641. 2020. — Podperaea baii Ignatov, Arctoa 20:
115. 2011. Fig. 9.

Described from China, Inner Mongolia (see type in-
formation in Ignatov & Milyutina, 2011).

Illustrations and descriptions: Zhao et al. (2006);
Bai (2010); Ignatov & Milyutina (2011).

Distribution and Ecology: At present Redfearnia baii
isknown from five areas (specimens are listed in Table 1),
three in China and two in Russia.

1. China, Inner Mongolia, Manchan Mts. (Figs. 10A—
C). The range is elevated ca. 500 m above the nearby
lowland. Its slopes are under reforestation with Picea
crassifolia Kom. Thefoothillshave Pinusand xeric shrub
vegetation, at ca. 1800 m becoming hemiboreal Betula
forest with Lonicera, Sambucus, Convallaria, Pyrola,
Trientalis, Pulmonaria, Vicia, Moehringia, etc.; Redfear-
nia baii grows on a soil bank along a trail with Tortula
subulata Hedw., Encalypta cf. rhaptocarpa Schwaégr.,
Fissidens cf. bryoides Hedw., and Amblystegium. It was
collected in May with very young sporophytes.

2. China, Inner Mongolia, Helan Mts. We did not see
specimensfrom Helan Shan, alt. 1900 m, cited as# HQ269
in Zhao et al. (2006), but according to the illustrations
in Bai (2010) and Zhao et al. (2006), it is this species.
The most common type of pine forest at this elevation,
where collection was likely done, isshown in Fig. 10 D-E.
For more about theforest of thisareasee Bai et al. (2011).

3. China, Inner Mongolia, Hohhot, on lawn near uni-
versity, ca. 1100 m.

4. Russia, Khakassia, Abakan River, ca. 550 m; R.
baii was collected in aflood valley with Populus stands,
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Fig. 10. Areas where Redfearnia baii was collected. A—C: China, Manhan Mts., Betula (+planted Pinus and Picea) forest on
slope, R. baii grows on soil bank (C), near trail with Tortula subulata and Encalypta cf. rhaptocarpa, 1800 m elev.; D-E: China,
Helan Mts., Pinus tabuliformis stands with Prunus and Juniperus, ca. 1900 m elev.; I-J: Russia, Khakassia, Abakan River; R. baii
was collected in flood valley with Populus stands, on fallen logs, and on soil bank at base of slope to the valley, in shade of trees.

on rocks and on a soil bank at the base of a slope of the
valley, in shade of trees (Fig. 10F-G).

5. Russig, Altai, Chulyshman valley, ca. 550 m., steppe
slope with scattered shrubs and rock outcrops; Redfear-
niabaii growson soil near rocks, and often closeto shrub
trunks, especially those that provide deep shade under
their canopies (Fig. 11); Rhododendron ledebourii Po-
jark., Caragana arborescens Lam., and Lonicera micro-
phylla Willd. ex Schult. are the most common shrub spe-
cies, where we collected Redfearnia baii in this area.

The common feature of all these areasisthat they are
rather xeric and therefore poor in bryophytes. Mosses
are scattered and occur as scanty patches, and since these
places are well exposed to sun, they often look depauper-

ate and non-attractive for bryophyte collectors. It seems
likely that Redfearnia baii (and maybe R. homomallifo-
lia as well) will be found in many more localities after
intentional search, which these plants deserve.
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Fig. 11. Areas where Redfearnia baii was collected in Altai Mountains, slopes to Chulyshman River valley. A-B: general type
of environments; C—D: populations under canopy of Lonicera (C) and Rhododendron (D); E: close up of “C”; F—H: herbarium
specimens from Altai, photographed under stereomicroscope.
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