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Abstract

LParaphlomis jinggangshanensis (Lamiaceae), a new species from Jiangxi Province, China, is described and illustrat-
ed. The new species is morphologically similar to P intermedia, but can be easily distinguished from the latter by
its cordate leaf base (vs. cuneate, decurrent), stem and calyx tube with glandular hairs (zs. short pubescent), and
glabrous anthers (zs. ciliate anthers). A phylogenetic analysis, based on ITS regions, suggests that P jinggang-
shanensis represents a separate branch in Paraphlomis and is closely related to Clade II. It is currently known only
from Jinggangshan National Natural Reserve. Because of its limited distribution and small population size, the
species was assessed as Near Threatened (NT) according to the IUCN Red List Categories and Criteria.
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Introduction

Paraphlomis (Prain) Prain, a member of the tribe Paraphlomideae Bendiksby (Lami-
aceae: Lamioideae) (Bendiksby et al. 2011; Li et al. 2016; Zhao et al. 2021), is charac-
terized by its herbaceous habit, actinomorphic calyx with five lobes less than half as long
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as the tube, corolla 2-lipped (1/3) with hairy upper lip but hardly bearded along the
margin, included stamens and an apically truncate ovary (Wu and Li 1977; Bendiksby
et al. 2011; Ko et al. 2014; Chen et al. 2021). Paraphlomis is endemic to eastern and
southeastern Asia, including China, India, Indonesia, Korea, Laos, Myanmar, Thailand,
and Vietnam (Li and Hedge 1994; Ko et al. 2014; Zhang et al. 2020; Chen et al. 2021).

China, with 23 species documented in the Flora of China (Li and Hedge 1994), is the
distribution center of Paraphlomis. Recently, a number of new species and infraspecies of
Paraphlomis were described in China, including P javanica var. pteropoda D. Fang & K.J.
Yan and P javanica var. angustifolia . albinervia D. Fang & K.J. Yan (Yan and Fang 2009);
P breviflora B.Y. Ding, Y.L. Xu & Z.H. Chen (Ding et al. 2019); P kuankuoshuiensis R.B.
Zhang, D. Tan & C.B. Ma (Zhang et al. 2020); P jiangyongensis X.L. Yu & A. Liu and
P coronata (Vaniot) Y.P. Chen & C.L. Xiang (Chen et al. 2021); 2 nanaY.P. Chen, C. Xiong
& C.L. Xiang (Chen et al. 2022a); P longicalyxY.P. Chen & C.L. Xiang (Chen et al. 2022b).

During a botanical expedition to Jinggangshan National Nature Reserve, western
Jiangxi Province in June 2013, David Boufford and Wen-Bo Liao discovered an un-
known species of Paraphlomis in Xiangzhou village. Its stem and leaves were densely
covered with glandular trichomes and the base of leaves was clearly cordate. Based on its
morphological characteristics, which differed from other species of Paraphlomis, we sus-
pected that it represented an undescribed species. After carefully comparing it with con-
generic specimens, consulting the literature, observing its morphology over two years
of additional field investigations (in 2020 and 2021), as well as conducting molecular
studies, we confirmed that the species is new to science and formally describe it below.

Materials and methods

Morphological study

The flowering and fruiting plants of the putative new species were examined in the field and
compared with herbarium specimens deposited in A, GH and SYS (herbarium acronyms
as in Thiers 2022). All morphological characteristics were measured using dissecting mi-
croscopes. Morphological characteristics of similar species of Paraphlomis were further ob-
served in digital images of specimens available online at A, GH, KUN, NAS, PE and SYS.
Five main characters (habit, leaf shape, calyx, anthers and trichomes) of the putative new
species and its most similar species, Paraphlomis intermedia, were thoroughly compared.

Phylogenetic analyses

The nuclear DNA Internal Transcribed Spacers (ITS) was used for reconstructing the
phylogeny of the suspected new species and related taxa based on previous study (Chen
et al. 2021; Chen et al. 2022a). Most sequences were downloaded from GenBank,
except for the new species, which was newly sequenced in the present study. Genomic
DNA of the suspected new species was extracted from silica-gel-dried leaves using the
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modified 2 x CTAB procedure of Doyle and Doyle (1987). The ITS sequences were
amplified with primer pairs ITS4/ITSA, with PCR amplification and sequencing fol-
lowing Chen et al. (2016). A total of 18 accessions, representing 17 species of Para-
phlomis and one species (Phlomoides bracteosa (Royle ex Benth.) Kamelin & Makhm.)
of a related genus were sampled in the phylogenetic study. Phlomoides bracteosa was
selected as an outgroup. The GenBank accession numbers are listed in Table 1. Nucleo-
tide sequences were aligned and cleaned using MAFFT 7 (Katoh and Standley 2013).
The phylogenetic relationships were assessed using the Maximum Likelihood (ML)
method, which was constructed using the program IQ-TREE (Nguyen et al. 2015)
with the best-fitting models (TIM+F+G4) chosen according to Bayesian Information
Criterion (BIC).

Table I. GenBank accession numbers of the sampled species used in this study.

Species Voucher ITS
Paraphlomis albida A. Liu et al. LK0841 (CSFI); Ningyuan, Hunan, China MW602124
Paraphlomis brevifolia L. Wu & W.B. Xu 10965 (IBK); Yangshuo, Guangxi, China MW602142
Paraphlomis coronata C.L. Xiang 358 (KUN); Jiangkou, Guizhou, China MW602123
Paraphlomis formosana Zhong 3676 (E); Taiwan, China JN680356
Paraphlomis gracilis A. Liu LK0931 (CSFI); Changsha, Hunan, China MW602134
Paraphlomis hirsutissima Fang091060 (KUN); Yunnan, China EU827096
Paraphlomis hispida X. Li LX200702 (GXF); Napo, Guangxi, China MW602132
Paraphlomis intermedia X. Zhong et al. ZX16823 (CSH); Suichang, Zhejiang, China ~ MW602135
Paraphlomis javanica var. pteropoda X. Li 2020090501 (GXF); Jingxi, Guangxi, China MW602140
Paraphlomis javanica L.B. Jia et al. JLB0029 (KUN); Maguan, Yunnan, China MW602143
Paraphlomis jiangyongensis A. Liu et al. LK1104 (CSFI); Jiangyong, Hunan, China MW602129
Paraphlomis jinggangshanensis W.Y. Zhao, Z.C. Liu, Z. Zhang, X.]J. Li, ZWY-2060(SYS); ON960152
Jinggangshan, Jiangxi, China

Paraphlomis kwangtungensis Y.P. Chen & Y. Zhao EM1391 (KUN); Huaiji, Guangdong, China MW602126
Paraphlomis lanceolata C.Z. Huang s.n. (KUN); Guidong, Hunan, China MW602145
Paraphlomis lancidentata X. Zhong et al. ZX16824 (CSH); Suichang, Zhejiang, China ~ MW602136
Paraphlomis membranacea Fang091057 (KUN); Yunnan, China EU827094
Paraphlomis paucisetosa X.X. Zhu s.n. (KUN); Malipo, Yunnan, China MW602125
Paraphlomis paucisetosa X. Li LX200704 (GXF); Napo, Guangxi, China MW602133
Paraphlomis seticalyx A. Liu et al. LK1088 (CSFI); Daoxian, Hunan, China MW602127
Phlomoides bracteosa Anders 11464 (M); Afghanistan, Kunar, Chapadarrah JN680373
Results

Morphological comparison

In morphology, the putative new species was most similar to Paraphlomis intermedia
C.Y. Wu & H.W. Li. A comparison of their morphological features is presented in
Table 2. These two species share such features as rhizomes with dense fibrous roots,
calyx tube obconical, calyx teeth broadly triangular to broadly ovoid triangular and
corolla white. The new species, however, differs from P intermedia by its cordate leaf
base (vs. cuneate, decurrent), stem and calyx tube with glandular trichomes (vs. short
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Table 2. Morphological comparison of Paraphlomis jinggangshanensis and Paraphlomis intermedia.

Characters Paraphlomis jinggangshanensis Paraphlomis intermedia
Habit erect, stem solitary, unbranched erect, stem with branches in upper part
Rhizome transverse, internodes 1.5—4 cm inconspicuous, not transverse
Trichomes on stem puberulent, trichomes retrorse glandular trichomes erect
Leaf base Cordate broadly cuneate, abruptly decurrent
Calyx obconical, sparsely pubescent outside  tubular or obconical, with dense glandular trichomes
outside
Anthers ovoid, ciliate ovoid, glabrous
Nutlets sparsely pubescent glabrous

pubescence), anthers glabrous (vs. ciliate). Furthermore, the rhizome of P intermedia
has internodes about 1.5—4 cm long (observed in the type specimen), while the rhizome
of the putative new species is rather shorter.

Phylogenetic placement of the putative new species

The aligned sequences of ITS were 627 bp in length. The resulting phylogenetic tree
of Paraphlomis in this study was similar to that in a previous study (Chen et al. 2021).
Our putative new species formed a separate branch (Fig. 1: ML = 62) that was sister to
the previously suggested clades II, and IV by Chen et al. (2021). Fruit morphology is
the main factor to distinguish subordinate grades of Paraphlomis. Specifically, species of
Clade IT have glabrous nutlets included in the fruiting calyces, species of Clade I1I have
hairy nutlets, and species of Clade IV share glabrous nutlets that are obviously inflated
and exserted from the calyx (Chen et al. 2021). The putative new species was closest
to Clade II since its glabrous nutlets were included within the fruiting calyx. However,
the putative new species was easily distinguishable from other species in Clade II by
being densely covered with glandular trichomes and by the cordate leaf base.

Taxonomic treatment

Paraphlomis jinggangshanensis Boufford, W.B. Liao & W.Y. Zhao, sp. nov.
urn:lsid:ipni.org:names:77302738-1

Fig. 2

H P Ll ABERE 75

Type. CHiNA. Jiangxi Province, Jinggangshan City, Jinggangshan National Natural Re-
serve, roadsides, 26°38'N, 114°15'E, 740 m alt., 10 September 2021, Wan-Yi Zhao,
Zhong-Cheng Lin,Zhong Zhang, XU-Jie Li, ZWY-2060 (holotype: SYS!; isotypes: Al, SYS!)

Diagnosis. Paraphlomis jinggangshanensis is morphologically similar to P inter-
media, but differs by its pubescence of glandular trichomes, cordate leaf base, many-
branched stems and glabrous anthers.

Description. Herbs, perennial, 0.4-1.0 m tall. Rhizomes short (not transverse),
taproot obscure; roots fibrous. Stems erect, simple or much branched above middle,
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Figure . Phylogenetic relationships among 17 species of Paraphlomis and Phlomoides bracteosa based on
ITS sequences. Numbers above branches indicate Maximum Likelihood bootstraps (ML). The new spe-
cies described in this study is shown in bold.

4-angled, grooved, densely covered with short glandular trichomes. Leaves opposite;
petiole to 9 cm long, with dense short glandular trichomes, green or purplish green; lam-
ina ovate to ovate-oblong, papery, 4-10.2 x 2.5-6.5 cm, base cordate, margin crenate,
apex acuminate; abaxially light green, covered with glandular trichomes (more densely
so on veins), with glandular spots; adaxially green, densely covered with glandular tri-
chomes, with glandular spots; lateral veins 4 or 5 pairs. Verticillasters 10—12 flowered,
globose, 2.5-3.0 cm in diam; bracteoles few, ovate-triangular, apex obtuse, ca. 1 mm
long, with short glandular trichomes, deciduous; pedicels 1.0-1.5 mm long, or obsolete.
Calyx green, tubular-obconical, slight curving, ca. 7 mm long, with dense glandular
trichomes outside, glabrous except for glandular trichomes on teeth inside, conspicu-
ously 5-veined; teeth 5, subequal, triangular, ca. 1 mm long, apex acute. Corolla white,
1.2-1.6 cm long, with dense glandular trichomes outside, pilose annulate in throat
inside; tube 8-10 mm long, straight, slightly dilated toward throat, obvious longer than
calyx tube; corolla 2-lipped, upper lip oblong, margin entire, ca. 4 mm long, ca. 2.5
mm wide; lower lip 3-lobed, 4-5 mm long, dotted with red spots inside, middle lobe
ovate to suborbicular, apex obtuse or retuse, lateral lobes obliquely oblong, apex obtuse.
Stamens 4, inserted above middle of corolla tube, straight, included, filaments flat,
sparsely puberulent-villous; anther cells 2, divergent, ovoid, glabrous. Style filiform,
included, glabrous, apex subequally 2-lobed. Ovary 4-loculed, glabrous. Nutlets 4, tri-
quetrous-obovoid, brown at maturity, ca. 2.2 mm long, apex rounded, glabrous. (Fig. 2)

Distribution and habitat. Based on our field observations, Paraphlomisjinggangshanensis
islocated only in Xiangzhou, in the Jinggangshan National Natural Reserve, Jiangxi Province.
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Figure 2. Paraphlomis jinggangshanensis A habit, growing on gravelly hillside B plant, stems much

branched C flowering branch D leaves with long petiole, base cordate E both surfaces of leaf blade with
dense glandular trichomes F stem, petiole, and calyx tube with dense glandular trichomes G front view
of corolla, lower lip dotted with purplish red spots, throat villous annulate H inner view of corolla, fila-
ments borne in middle of corolla tube; red arrow indicates glabrous style; anthers glabrous I lateral view
of flower ] inflorescence K fresh nudets (glabrous) and inner view of calyx tube (A=D by Zhong Zhang
E-K by Wan-Yi Zhao).
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This area has been considered to be in the subtropical monsoon climate region. Paraphlomis
Jinggangshanensis often occurs in evergreen broadleaved forests along roads above valleys.

Conservation status. This species is currently known to occur only in the Jin-
ggangshan National Natural Reserve in three populations numbering more than two
thousand individuals. A road divides the distribution range of 2 jinggangshanensis. Hu-
man activity (such as roadside weed removal) and exotic species have a negative effect
on population regeneration. Paraphlomis jinggangshanensis is here suggested to be Near
Threatened (NT) according to IUCN categories guidelines 10.1 (IUCN Standards and
Petitions Subcommittee 2022).

Phenology. Flowering was observed from May to October, and fruiting from July
to November.

Etymology. The specific epithet “jinggangshanensis” is derived from the type lo-
cality, Jinggangshan National Natural Reserve, Jiangxi Province, China.

Additional specimens examined (paratypes). CHINA. Jiangxi: Jinggangshan City,
Jinggangshan National Natural Nature Reserve; NE of the town of Ciping; vicinity of
Xiangzhou, roadside, above valley, 26°37'49"N, 114°15'49"E, 545-575 m, 6 June
2013, David E. Boufford, Wen-Bo Liao, Bao-Huan Wu, Hui-Min Xu & Tian-Tian Yuan
43074 (A); Jinggangshan National Natural Reserve, roadsides, 26°38'N, 114°15'E,
740 m alt., 18 June 2021, Zhong Zhang Luofu-01 (A, SYS); ibid., 15 July 2021, Zhong
Zhang Luofu-06 (A, SYS).
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Abstract

'The genus Grimmia Hedw. has been considered taxonomically difficult because of its great morphological
variability, and its treatments by different specialists have led to incongruent results. One of the debates
in the genus is the species status of Grimmia limprichtii Kern, an Asian-European disjunct moss species
that has been considered identical to Grimmia anodon Bruch & Schimp. or Grimmia tergestina Tomm ex
Bruch & Schimp. It has also been regarded as the muticous-leaved male plants of G. rergestina. Based on
a detailed analysis of the type and many non-type specimens combining the molecular and morphologi-
cal data, the reinstatement of species rank for G. limprichtii is proposed. The diagnostic characteristics
of G. limprichtii and its distinction from some closely related species, with which it may be confused,
are discussed. Grimmia obtusifolia C. Gao & T. Cao is considered a synonym of G. limprichtii based on

molecular and morphological data.
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Introduction

The genus Grimmia is one of the largest genera of the moss family Grimmiaceae (Feng et
al. 2013). Its species are found on all continents, and most of them prefer dry and tem-
perate or cold environments, and all of them are saxicolous with a marked preference for
acidic bedrock (Hastings and Greven 2007). Its taxonomy is reputedly difficult because
of great morphological variability in most of its species and the difficulty of properly as-
sessing some crucial characteristics (Feng et al. 2014). Therefore, its treatment by differ-
ent specialists has led to incongruent results (Munoz 1999; Ignatova and Mufioz 2004).
One example is the number of species accepted in the genus, ranging from 51, according
to Maier (2010), who synonymized many names of morphologically diverging taxa, to
71, as reported by Munoz and Pando (2000), to 95, following Hastings and Greven
(2007). Some of the controversial species have recently been resolved based on molecu-
lar and morphological data (Hugonnot et al. 2018; Kou et al. 2019; Feng et al. 2021).

Grimmia limprichtii Kern was described in 1897. However, since it was discov-
ered, this species has been considered identical to Grimmia anodon Bruch & Schimp.
(Loeske 1930) and this treatment was accepted by following authors (such as Wijk et
al. 1962; Mufioz and Pando 2000). In recent years, it was synonymized with Grim-
mia tergestina Tomm. ex Bruch & Schimp. by emphasizing the cell pattern, structural
characteristics of the costa, and characteristics of the perigonial leaves, as well as the
occasional presence of both muticous and hair-pointed leaves in the same plant of
the latter species (Maier 2002). Soon afterwards, G. limprichtii was regarded as the
muticous-leaved male plant of G. tergestina, as its male plants were associated with
sporulating G. tergestina in Tibet (Greven 2009).

Grimmia obtusifolia C. Gao & T. Cao was first described in Tibet, China, and
later, it was discovered in many other provinces, such as Qinghai, Xinjiang, Sichuan,
Tibet of China, and three locations in Mongolia (Tsegmed and Ignatova 2007; Jia and
He 2013). In addition, this species may appear in Pakistan (Gruber and Peer 2010).
Although G. obtusifolia was accepted by some authors (Redfearn et al. 1996; Tan and
Jia 1997; Mufioz and Pando 2000; Liu et al. 2011; Jia and He 2013), soon after it was
described, G. obtusifolia was synonymized by other authors with G. limprichtii (Gre-
ven and Sotiaux 1995) and G. tergestina (Maier 2002, 2010; Greven 2009). Maier
(2010) synonymized G. obtusifolia with G. limprichtii due to similarities in leaf shape,
laminal basal cells, and costal architecture, while Greven (2009) believed that G. 06-
tusifolia and G. limprichtii were muticous-leaved male plants of G. tergestina. Plants
with muticous leaf apices are not rare in G. tergestina and G. anodon, and the similar
leaf shape, areolation of the leaf base, and costal architecture explain the synonymiza-
tion with G. rergestina, and the nearly unistratose upper laminal cells may explain that
with G. anodon (Maier 2002, 2010). Grimmia limprichtii and G. obtusifolia have a
similar habit, concave leaves, cucullate and rounded-obtuse leaf apex, architecture of
the costa, and areolation of the leaf base. The only difference between the two species
is that G. obtusifolia has nearly bistratose upper laminal cells, while G. limprichtii has
unistratose cells with bistratose ridges (Maier 2002; Greven 2014).
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Throughout our continuing investigation of xerophilic mosses, which are particu-
larly prevalent in Tibet, many Grimmia specimens were collected. Some of them be-
long to either G. obtusifolia or G. limprichtii. Detailed observations revealed that these
samples bear archegonia, which is contradictory compared to the point of view that
G. obtusifolia and G. limprichtii are muticous-leaved male plants of G. tergestina. This
discovery prompted us to conduct further morphological and molecular studies to
confirm their systematic position.

Materials and methods

Morphological observations

Over 2000 specimens of the genus Grimmia including types were examined during
our revision of Grimmiaceae in China and these specimens were mainly from herbaria
investigations (mainly IFP, KUN) and more than 50 field surveys in recent years. All
specimens were studied with the typical anatomical and morphological methods ap-
plied for the Grimmiaceae (Munoz 1999; Maier 2010). The collected specimen was
deposited at NMAC. Microscopic examinations and measurements were taken with
a ZEISS Primo Star light microscope, and microphotographs were obtained with a
Canon EOS 70D camera mounted on the microscope. Three plants were dissected
from each collection, and for each shoot every possible structure from the gametophyte
and sporophyte was examined and a record kept of what was found for each individual
species. Specific morphological and anatomical features of taxonomic importance were
assessed mainly following Maier (2010) and Mufioz (1999). Leaves were always taken
from the upper middle of the stem, and cross-sections were made in the middle part
of the stem. Measurements of leaf width were taken at the base, mid- and upper leaf.
Cross-sections were made mid-leaf. For comparison the morphological characters of
the types of G. limprichtii, G. obtusifolia, and the sequenced Chinese G. limprichtii, the
key characters including habit, leaf, laminal basal cells and the cross-sections at mid-
leaf of the three specimens were shown in Fig. 1.

Taxon sampling, DNA amplification, and sequencing

The only recent collection record from Europe is the material collected in 1993 (Greven
and Sotiaux 1995). However, the collection was nearly thirty years ago, which could not
be sequenced. To investigate the phylogenetic position of G. rergestina, G. obtusifolia
and G. limprichtii, three specimens collected from Tibet were sequenced. Table 1 lists
the accessions of the new sequences generated in this study, and Table 2 lists the ac-
cessions of the sequences downloaded from GenBank that were used in this study. We
employed the nuclear (ITS) marker, which allowed the re-use of earlier results (Streiff
2006; Herndndez-Maqueda et al. 2008). DNA extraction, amplification and sequenc-
ing of the target regions followed the protocols described in Feng et al. (2021). The PCR
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Figure |. Grimmia limprichtii A—=C habit D=F leaves G-I laminal basal cells J-L cross-sections at mid-
leaf. [A, D, G, ] lectotype of Grimmia limprichtii, Kern B, E, H, K Tibet, Zi Wang 20180808022 C, F, 1,
L holotype of Grimmia obtusifolia, Lang 1347] Photos A, D, G and ] courtesy of the Farlow Herbarium
of Harvard University and others by Chao Feng.
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Table I. New sequences used in this study, including taxa vouchers information and GenBank accession
numbers.

Species Voucher information ITS rpsh trnL-trnF
Grimmia tergestina_F ~ China, Tibet, Zi Wang 20180809024  OL514232 OL450501 OL450510
Grimmia limprichtii_G ~ China, Tibet, Zi Wang 20180903002 ~ OL514233 OL450502 OL450511
Grimmia obtusifolia_H ~China, Tibet, Zi Wang 20180808022  OL514234 0L450503 OL450512

Table 2. Sequences from GenBank used in this study, including taxa and GenBank accession numbers.

Species ITS rpsh trnl—trnF
Coscinodon cribrosus - AJ845205 AJ847855
Dicranum muehlenbeckii - AF231276 AF231245
Ditrichum flexicaule - AJ845204 AJ847854
Drummondia obtusifolia - AF223038 AF229895
Dryptodon anomalus EU343751 - -
Dryptodon austrofunalis EU343752 - -
Dryptodon decipiens EU343753 - -
Dryptodon leibergii EU343755 - -
Dryptodon patens EU343756 - -
Dryptodon torquatus EU343757 - -
Funaria hygrometrica - AJ845203 AJ847853
Grimmia alpestris - AJ845237 AJ847887
Grimmia anodon EU343758 AJ845209 AJ847859
Grimmia anomala - AJ845210 AJ847860
Grimmia austrofunalis - AJ845211 AJ847861
Grimmia bicolor EU343759 - -
Grimmia caespiticia EU343760 AJ845212 AJ847862
Grimmia caespiticia EU343761 - -
Grimmia capillata EU343762 - -
Grimmia cribrosa EU343763 - -
Grimmia crinita EU343764 AJ845213 AJ847863
Grimmia decipiens - AJ845215 AJ847865
Grimmia dissimulata - AJ845216 AJ847866
Grimmia donniana EU343765 AJ845217 AJ847867
Grimmia elatior EU343754 AJ845218 AJ847868
Grimmia elongata EU343766 AJ845219 AJ847869
Grimmia funalis EU343767 AJ845220 AJ847870
Grimmia funalis EU343768 - -
Grimmia funalis EU343769 - -
Grimmia funalis EU343770 - -
Grimmia fuscolutea - AJ845221 AJ847871
Grimmia hamulosa EU343771 - -
Grimmia hartmanii - AJ845222 AJ847872
Grimmia incrassicapsulis EU343772 - -
Grimmia incurva EU343773 AJ845223 AJ847873
Grimmia involucrata EU343774 - -
Grimmia involucrata EU343775 - -
Grimmia khasiana - AJ845224 AJ847874
Grimmia laevigata EU343776 AJ845225 AJ847875
Grimmia lisae - AJ845226 AJ847876
Grimmia longirostris EU343777 AJ845227 AJ847877
Grimmia macroperichaetialis EU343778 - -
Grimmia meridionalis - AJ845228 AJ847878
Grimmia mollis EU343779 - -
Grimmia montana EU343780 AJ845229 AJ847879
Grimmia montana EU343781 - -
Grimmia mueblenbeckii - AJ845230 AJ847880
Grimmia nevadensis EU343782 - -

Grimmia orbicularis EU343783 AJ845231 AJ847881
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Species ITS rpsk trnl—trnF
Grimmia orbicularis EU343784 - -
Grimmia ovalis EU343785 AJ845232 AJ847882
Grimmia pilifera EU343786 AJ845233 AJ847883
Grimmia plagiopodia EU343787 AJ845234 AJ847884
Grimmia poecilostoma EU343788 - -
Grimmia pulvinata EU343789 AJ845235 AJ847885
Grimmia pulvinata EU343790 - -
Grimmia ramondii - AJ845214 AJ847864
Grimmia reflexidens EU343791 - -
Grimmia serrana EU343792 - -
Grimmia sessitana - AJ845236 AJ847886
Grimmia tergestina EU343793 AJ845238 AJ847888
Grimmia torquata - AJ845239 AJ847889
Grimmia trichophylla - AJ845240 AJ847890
Grimmia trinervis EU343794 - -
Grimmia ungeri EU343795 - -
Grimmia unicolor EU343796 AJ845241 AJ847891
Grimmia wilsonii EU343797 - -
Hydrogrimmia mollis - AJ845206 AJ847856
Prychomitrium gardneri - AF231290 AF231258
Racomitrium aciculare EU343798 AJ845207 AJ847857
Racomitrium didymum EU343799 - -
Racomitrium elongatum EU343800 - -
Racomitrium heterostichum EU343801 - -
Schistidium apocarpum - AJ845208 AJ847858
Schistidium crassipilum EU343802 - -
Schistidium sp. lingulatum’ EU343750 - -
Scouleria aquatica - AF306984 AF231179

products were purified and directly sequenced by the Invitrogen Corporation Shanghai
Representative Office. Double-stranded sequencing was performed, and all sequence
fragments were edited and assembled using Vector NTT (Suite 11.5) to ensure accuracy.

Phylogenetic analyses

The sequences were aligned using MAFFT 7.222 (Kazutaka and Daron 2013) and
then edited in BioEdit 7.0.1 (Hall 1999). The concatenation of each individual rps4
and zrnL-trnF fragments was performed using our custom Perl script. Phylogenet-
ic analyses were performed using Bayesian inference (BI) and maximum likelihood
(ML). MrBayes 3.2.6 (Ronquist and Huelsenbeck 2003) was used for BI analyses un-
der the GTR substitute model. Two Markov Chain Monte Carlo (MCMC) searches
were run for 1 million generations each, with a sampling frequency of 1000. The first
25% of the trees were discarded as burn-in. A posterior probability (PP) of 0.95-1.00
was considered strong support. The convergence between runs in all cases dropped
below 0.01. ML analyses were executed in IQ-TREE 1.6.3 (Nguyen et al. 2014) under
the TPM2u+F+G4 (for cpDNA) and TIM+F+1+G4 (for ITS) substitute models, re-
spectively, selected by the ModelFinder program (Kalyaanamoorthy et al. 2017) based
on the Bayesian information criterion (BIC), and 1000 fast bootstrapping replicates
were used. Nodes with bootstrap (BS) values of 70-89% were treated as moderate
and 90-100% as well supported. The final tree obtained was visualized and edited in
FigTree v.1.4.0 (Rambaut 2014).
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Results

Molecular data

15

The chloroplast (cp) and ITS alignments comprised 1149 and 1509 nucleotide sites,
respectively. The BI and ML phylogenetic trees had a consistent topology, although
there were different levels of support depending on the method. Hence, only the to-
pology with branch lengths from the BI tree is presented, with added support from
the ML method on the respective trees (Figs 2, 3). The inference from ITS (Fig. 2)
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Figure 2. Phylogenetic relationships (50% majority consensus tree) from the Bayesian inference on the

ITS dataset. Numbers above branches indicate posterior probability from the BI analysis, followed by

bootstrap values for the ML analysis. The species investigated in this study were marked in underscore.
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followed by bootstrap values for the ML analysis. The species investigated in this study were marked in underscore.

and the chloroplast regions (Fig. 3) agree in most aspects. The topology of both ITS
data and chloroplast data resolved G. limprichtii and G. obtusifolia as sister taxa in a
strongly supported clade (BS = 100, PP = 1). Grimmia limprichtii and G. obtusifolia
are not closely related to G. tergestina.
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Taxonomic treatment

Grimmia limprichtii Kern, Revue Bryologique 24: 56. 1897.
Figs 1, 4
Chinese name: #k [ 55 2 &f

Grimmia obtusifolia C. Gao & T. Cao, Acta Botanica Yunnanica 3: 394. f. 4: 10-16. 1981.
Type: Tibet, Shuanghu Xian, Lang 1347 (holotype: IFP!; paratypes: IFP!, MO).

Type. Dolomiten, Palagrouppe: Felsgallerien am limone, bei 2100m. 29.7.96 Kern
(lectotype: FH!; isolectotypes: Goet!, JE, PC).

For full description and illustration, see Cao and Vitt (1986), Greven and Sotiaux
(1995), and Feng (2014).

0.5 mm

Figure 4. Grimmia limprichtii archegonia. Photos: Chao Feng (Zi Wang 20180808022).
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Discussion

Grimmia limprichtii is a remarkable species characterized by small and slender plants,
muticous, concave to somewhat keeled and oblong-ovate leaves, somewhat cucullate
and rounded-obtuse leaf apex, plane leaf margins, and a costa ending below the apex.
In addition, its sexual condition is dioicous. Although the androecia of G. limprichtii
were discovered in Europe and Asia (Greven and Sotiaux 1995), its archegonia were
usually found in our collections from Inner Mongolia (Feng 2014) and Tibet (Fig. 4),
but androecia were not found. Our findings showed that the presumption that G. /im-
prichtii is the muticous-leaved male plant of G. tergestina (Greven 2009) is unreliable.
The generation of a single generative organ in a specific area may explain why the spo-
rophytes are not generated. The characteristic bistratose, partially bistratose or unistra-
tose with bistratose ridges in the upper part of laminal cells is an intraspecific variation
influenced by ecological factors, based on our molecular and morphological results.

Morphologically, G. limprichtii is most similar to G. tergestina, a widely distrib-
uted species (Mufioz 1999; Ignatova and Munoz 2004). Both species share similar
leaf shapes, plane leaf margins, and indistinct costa. Additionally, some specimens of
the latter species are found in leaves both with and without hair-points (Maier 2002).
However, G. limprichtii can be readily distinguished from G. tergestina by its small and
slender plants, costa ending below the apex, and costal guide cells in laminal parts that
are distinct from laminal cells. While G. tergestina has rather stiff plants, costa percur-
rent and guide cells of the laminal part of the costa are hardly distinct or even indistinct
from lamina cells, due to their similarity.

Grimmia crassiuscula H.C.Greven & C.Feng, a species that was recently described
from the Helan mountains, China (Greven and Feng 2014), resembles G. limprichtii
in the oblong-ovate and muticous leaves, cucullate leaf apex, plane leaf margins, and
costa ending below the apex. Nevertheless, G. crassiuscula differs from G. limprichtii in
having plants in loose and succulent mats, absence of a central strand of the stem, and
costa without stereids.

Grimmia limprichtii was previously synonymized with Grimmia anodon Bruch &
Schimp., a widely distributed species (Munoz 1999; Hastings and Greven 2007). Al-
though hair-point presence and length and the number of cell layers in leaf cross sections
are variable in the latter species (Munoz 1999), G. anodon can be separated readily from
G. limprichtii by its keeled and broadly oblong-lanceolate leaves, elongate-rectangular
laminal basal cells, and autoicous sexuality. G. limprichtii, by contrast, has concave and
oblong-ovate leaves, quadrate to rectangular laminal basal cells, and dioicous sexuality.
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Abstract

Hymenophyllum chamaecyparicola T.C.Hsu & Z.X.Chang, a new filmy fern species (Hymenophyllaceae) has
been described from Taiwan and illustrated based on morphological and phylogenetic evidence. Although
the new species resembles members in the subgenus Mecodinm, namely H. wrightii, our plastid phylogeny has
revealed that it is genetically distant from H. wrightii and forms a clade nested within subg. Hymenaophyllum.
The most notable characteristic to differentiate H. chamaecyparicola from related species is the presence of
minute spathulate hairs on the surface of the rachis and veins. Hymenophyllum chamaecyparicola is currently
only known from a small area in northern Taiwan, and endemic to that country.

Keywords
Filmy fern, Hymenophyllum, new species, Taiwan

Introduction

Hymenophyllum is the largest subgenus among the ten subgenera in genus
Hymenophyllum Sm., and includes at least 100 species (Ebihara et al. 2006; PPG I
2016). Generally, the members of this subgenus are distinguished by their long-creeping
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rhizomes, pinnate to tripinnate laminae, denticulation on the segment margins,
bivalvate involucres, and included receptacles (Ebihara et al. 2006; Hennequin et
al. 2010). However, subg. Hymenophyllum as a whole varies greatly in many aspects,
including cytology and morphology (Hennequin et al. 2010). With a considerably
large number of morphologically disparate species, members of subg. Hymenophyllum
have been scattered among different groups or genera in Hymenophyllaceae (Pryer et
al. 2001; Ebihara et al. 2002; Hennequin et al. 2003, 2006, 2010; Hennequin 2004)
leaving many systematic issues in this subgenus unsettled. In Taiwan, 26 species are
currently known to belong to the genus Hymenophyllum. Among them, eight were
recognized in subg. Hymenophyllum (Hsu et al. 2019; TPG 2019, 2021), including
H. barbatum (Bosch) Baker, H. blandum Racib., H. denticulatum Sw., H. devolii
M.].Lai, H. holochilum (Bosch) C.Chr., H. okadae Masam., H. oligosorum Makino and
H. simonsianum Hook. Subgenus Hymenophyllum can be distinguished from its sister
subgenus Mecodium by the presence of indumentum along the stipe, rachis, costae and
veins vs. these surfaces glabrous in subgen. Mecodium.

In 2019, the first author discovered a Hymenophyllum species with an uncertain
assignment in a subtropical montane cloud forest of northern Taiwan. After observing
its dwarf habit, superficially glabrous laminae, entire segments, and bivalvate, subentire
involucres, we initially considered it to be a member belonging to subg. Mecodium,
and tentatively identified it as /. wrightii Bosch, a small species distributed across East
Asia and North America (Liu et al. 2013; Lee et al. 2014; Dufly et al. 2015). However,
morphological distinctions between the specimen and H. wrightii were observed after
careful investigation. This species produces apically distributed sori and minute clavate
hairs along the rachis and costae (Figs 1, 2), which are absent in the subg. Mecodium,
especially H. wrightii. In this study, we provided not only morphological but also
phylogenetic evidence to circumscribe this uncertain species. With no recording of a
similar species from previous literature, we determined it as a new species and have de-
scribed it here as Hymenophyllum chamaecyparicola T.C.Hsu & Z.X.Chang, currently

known to be endemic to Taiwan.

Materials and methods

Taxon sampling and molecular work

It total, we sampled 19 species, including most members of the East Asian subg.
Hymenophyllum, all subg. Mecodium species in Taiwan, and H. imbricatum Blume
from subg. Globosa as an outgroup (Hsu et al. 2019). This sampling also included
three species from sect. Pseudomecodium, H. exsertum Wall. ex Hook., H. oligosorum
and H. pachydermicum Ces., which was demonstrated to have frond characters similar
to subg. Mecodium (Iwatsuki 1984, 1985). Their DNA was extracted using a modified
CTAB protocol by Kuo (2015). Two chloroplast DNA (cpDNA) regions from these
samples were sequenced: rbcL and rpsd-trnS (rps4 gene + rps4-trnS intergenic spacer).
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PCR reactions were each prepared in a 15 pL volume containing 20 ng genomic
DNA, 1 x SuperRed PCR Master Mix RED (TOOLS, New Taipei City, Taiwan),
and 0.5 pM of each primer. PCR products were then cleaned using ExoSAP-IT
(Thermo Fisher Scientific, Waltham, Massachusetts, USA), and sequenced with ABI
3730XL (Thermo Fisher Scientific, Waltham, Massachusetts, USA) by the Genomics
BioSci. & Tech. company (New Taipei City, Taiwan). Primers, voucher information
and GenBank accession numbers are provided in the Appendices (Appendix 1 and
Appendix 2).

Phylogenetic analyses

In total, 49 sequences were used for analyses, including 23 newly generated ones from
13 samples and those used in Hsu et al. (2019) and Chen et al. (2021). These se-
quences were first aligned using MUSCLE (Edgar 2004) implemented in AliView
(Larsson 2014), and the resulting alignments of the two cpDNA regions were then
concatenated. Seven partitions were initially identified in the concatenated alignment,
including each of three codon positions in rbcL, each of three codon positions in 7ps4,
and rps4-trnS intergenic spacer. The best partition scheme and nucleotide substitution
models were inferred by ModelFinder (Kalyaanamoorthy et al. 2017) based on AICc
criteria, and applied for maximum likelihood (ML) and Bayesian phylogenetic analy-
sis. IQ-TREE v. 1.6.10 (Nguyen et al. 2015) was used to reconstruct ML phylogeny
in CIPRES (Miller et al. 2011) with 1000 standard bootstrap replicates. The Bayesian
phylogenetic analysis was performed using MrBayes v.3.2.6 (Ronquist et al. 2012)
in CIPRES (Miller et al. 2011) with two simultaneous runs and four chains. In each
chain, 20 million generations were run, and sampled every 1000 generations. Tracer
v. 1.7.1 (Rambaut and Drummond 2013) was used to determine the convergence
through generations among chains. The first 25% of the generations was discarded as
burn-in, and the posterior probabilities (PP) as branch supports of a Bayesian tree were
then summarized.

Results

The concatenated cpDNA dataset of rbcL (1365 bp) and rps4-trnS (1125 bp) con-
tained a total of 2490 aligned sites. In our cpDNA phylogeny (Fig. 3), no conflict-
ing relationship was found between ML and Bayesian trees. Our two samples of the
uncertain Hymenophyllum (H. chamaecyparicola sp. nov.) possessed identical cpDNA
sequences, and this species was found to be phylogenetically unrelated to H. wrightii
in subg. Mecodium. Instead, it formed a strongly supported clade embedded in subg.
Hymenophyllum and was well separated from all other species (Fig. 3). Interestingly,
subg. Hymenophyllum as defined by Ebihara et al. (2006) was revealed to be non-
monophyletic in our phylogenies because H. simosianum was found sister to subg.
Mecodium with weak supporting values (BS/PP=73/0.6).
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Taxonomic treatment

Hymenophyllum chamaecyparicola T.C.Hsu & Z.X.Chang, sp. nov.
urn:lsid:ipni.org:names:77302867-1
Figs 1, 2

Type. Tarwan. Yilan County: Datong Township, Mingchih, 1200-1300 m, 31 Janu-
ary 2019, ZX. Chang ZXC01438 (holotype: TAIF; isotype: TAI).

Diagnosis. Morphologically, Hymenophyllum chamaecyparicola is most similar to
H. wrightii in sharing pinnate to bipinnatifid fronds, entire segment margins, and
bivalvate, entire or subentire involucres. However, the new species could be clearly
distinguished from H. wrightii by the presence of minute spathulate hairs on both
surfaces of laminae (vs. glabrous laminae in H. wrightii) (Fig. 1H, 1), the lack of two
veinlets at the base of sori (vs. two veinlets at the base of sori in H. wrightii), and
sori confined to apex or upper margins of laminae (vs. on short acroscopic segments
close to rachis in H. wrightii) (Fig. 1]). This new species is phylogenetically related
to H. barbatum, H. devolii, H. exsertum, H. okadae and H. oligosorum, while it could
readily be distinguished from H. barbatum, H. devolii and H. okadae in having entire
(vs. serrate) segment margins (Fig. 1D-G) and from H. exsertum and H. oligosorum in
having pinnatifid to bipinnatifid (vs. bipinnatifid to tripinnatifid) laminae (Fig. 1D-
G) sparsely covered with short (< 0.2 mm) clavate hairs (vs. densely covered with
> 1 mm long acicular hairs) on abaxial surface of rachis and costae (Figs 1H, I, 2E).

Description. Plants epiphytic. Rhizomes long creeping, blackish brown, 0.2-0.3 mm
in diam, covered with caducous golden brown multicellular hairs, turning glabrescent
when aged. Fronds (1)3-7(10) mm apart, (0.7)1-2.5(4.5) cm long, usually pendent.
Stipes dark brownish, (1)2-12(25) mm long, ca. 0.15 mm in diam., wingless, with very
sparse caducous hairs similar to those on the rhizomes, turning glabrescent when aged.
Laminae pinnatifid to bipinnatifid, flabellate-orbicular, ovate or elliptic, (0.8)1-2.2(3.5)
x (0.4)0.6-1.1(1.5) cm, membranous, base obtuse, apex rounded, with minute pale
brownish clavate hairs along both surfaces of rachis, costae and veins, otherwise glabrous;
clavate hairs up to 0.15 mm long, very sparse adaxially, sparse to scattered abaxially; ra-
chises brown, slightly zigzag, winged throughout or sometimes wingless at base, wings up
to ca. 0.2 mm wide, flat, entire; pinnae 2—4(5) pairs, alternate, forming acute angles with
rachis, lower pinnae usually forked, rarely more dissected, upper pinnae usually simple,
(2)3-8(11) mm long; ultimate segments oblong, (1)2—7(10) x 1.2—1.5 mm, apex round-
ed, entire, flat or slightly involute; veins simple, greenish brown, ending slightly below
the apical margin. Sori 1-3(6) per lamina, confined to apex of lamina or sometimes scat-
tered along upper margins, solitary and terminal on ultimate segments, segment lamina
usually slightly constricted below sori; involucres bivalvate, orbicular, ovate-orbicular or
elliptic, 1.2-2 x 1-1.5 mm, with a few minute clavate hairs at base, margins entire or
minutely erose; receptacles inserted. Spores chlorophyllous, 64 per sporangium.

Additional specimen examined. Tarwan. Yilan County: Datong Township,
Mingchih, 1200-1300 m, 11 February 2019, Chang ZXC01440 (TAIF); same loc., 11
July 2019, Chang ZXC01670 (TAIF); same loc. and date, Hsu 11888 (TAIF).
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Seadfie

Figure 1. Habitac and morphology of Hymenophyllum chamaecypericola, from Hsu 11888 (TAIF)
A, B wild population growing on moss-covered basal trunk of a giant Chamacecyparis obtusa var. formosana
C rhizome and young frond, showing the wingless and scarcely hairy stipe D=G fronds, adaxial views
(D, E) and abaxial views (F-G) H, I laminae, adaxial view (F) and abaxial view (G), showing the minute
yellow-brown clavate hairs on rachis and veins. J. Sori. Scale bars: 2 cm (B); 5 mm (C, J); 1 cm (D-G);

2 mm (H, I).
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0.05 mm

0.5 mm

0.5cm

0.5cm

Figure 2. Line drawing of Hymenophyllum chamaecypericola T.C.Hsu & Z.X.Chang, sp. nov., based on
the holotype ZX. Chang ZXC01438 (TAIF) A rhizome and fronds B sterile frond C fertile frond D sori

E a clavate hair.
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Distribution and habitat. Hymenophyllum chamaecyparicola is endemic to Taiwan
and currently known from scattered populations on a single ca. 2000 m* mountain
slope in Chamaecyparis montane mixed cloud forest (Li et al. 2013) around Mingchih
(24.65361°N, 121.46950°E). It is epiphytic on bases of tree trunks and exposed roots
of Chamaecyparis obtusa var. formosana (Hayata) Hayata.

Etymology. The specific epithet, a noun in apposition, is derived from Chamaecy-
paris, a Gymnosperm genus, and —cola, dweller, alluding to unusual habitat of the new
species occurring on the lower trunk of the giant C. obrusa var. formosana.

Discussion

Our phylogeny generally agrees with the “modern” circumscriptions of Hymenophyllum
subg. Hymenophyllum and subg. Mecodium (Ebihara et al. 2006; Hennequin et al.
2010; Hsu et al. 2019; Vasques et al. 2019) with only one exception — H. simonsianum,
which was placed within subg. Hymenophyllum based on morphology (Ebihara et al.
2006) but resolved here as an isolated lineage sister to subg. Mecodium (Fig. 3). Given
that this unexpected position of H. simonsianum was weakly supported in our tree
based on only two cpDNA regions, we consider that more sequence data is required to
ascertain its systematic placement.

The phylogenetic position of Hymenophyllum chamaecyparicola, nested within
subg. Hymenophyllum, was somewhat surprising in the beginning due to its superficial
resemblance to H. wrightii in subg. Mecodium. However, after a detailed examination
of the specimens, we concluded that its placement in subg. Hymenophyllum is also mor-
phologically evident. Though hardly visible to the naked eye, H. chamaecyparicola bears
clavate hairs on stipes and rachis, and such laminar trichomes are common in subg.
Hymenophyllum but absent in subg. Mecodium (Ebihara et al. 2006; Hennequin et al.
2010; Hsu et al. 2019). Moreover, from our examination, two veinlets can be found at
the bases of sori in members of subg. Mecodium sori but not in H. chamaecyparicola and
other species of subg. Hymenophyllum as implied previously (Dubuisson et al. 2018).

Obviously, our sampling of Hymenophyllum subg. Hymenophyllum (11 species),
with an estimate of more than 100 species (Ebihara et al. 2006), remains insufficient.
Even so, this study still provides some insights about interspecific relationships
and systematics within this subgenus. We revealed for the first time that sect.
Pseudomecodium, mainly defined by the combination of abaxially hairy veins and
entire segments (Iwatsuki 1984, 1985), is non-monophyletic. In our tree, the four
sampled species with entire segments, including H. chamaecyparicola, H. exsertum,
H. oligosorum and H. pachydermicum, were placed in three different lineages (Fig. 3).
In addition, our data strongly supported that H. okadae, recently reinstated from a
synonym of H. barbatum based on a few subtle morphological characters (Knapp and
Hsu 2017), is also phylogenetically distinct.

In addition to H. chamaecyparicola, H. devolii is another subg. Hymenophyllum spe-
cies endemic to Taiwan. Our study then revealed that H. devolii is affiliated, not only
morphologically but also phylogenetically, with its sympatric relatives, H. okadae and
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Figure 3. Maximum likelihood (ML) phylogeny of Hymenophyllum subg. Hymenophyllum and
Hymenophyllum subg. Mecodium based on the chloroplast DNA dataset (rbcL + rps4-trnS). Branch
support is indicated in ML bootstrap/ BI posterior probabilities.

H. barbatum, which are also distributed in other East Asian regions. It will be very wor-
thy to further study the speciation pathways behind these endemic ferns in Taiwan. A
comprehensive sampling in the subgenus, especially from Southeast Asia, and a dated
phylogeny are ultimately necessary to clarify the evolutionary history of these Taiwan
endemic ferns.

Key to subg. Hymenophyllum and Mecodium species in Taiwan

1 Laminae glabrous, indumentum absent along the stipes, rachises, and veins...2
- Indumentum present along the stipes, rachises, and veins...........cccccoeueneeee. 6
2 Stipes wingless or only with decurrent wings at apexes............cccoeevverveeenenne 3
- Stipes narrowly winged to base or at least to middle...........cccocoiiiinnn, 4
3 Stipes reddish brown, wingless; involucres orbicular, distinctly wider than

JOINT SEZIMENTS...uviieurieirieitieete ettt H. punctisorum

- Stipes dark brownish, only with decurrent wings at apexes; involucres ovate-
orbicular or ovate, roughly as wide as joint segments .... H. parallelocarpum
4 Laminae shorter than 6 cm; sori densely aggregated at lamina apexes............
....................................................................................... H. paniculiflorum
- Laminae variable; sori never densely aggregated at lamina apexes................. 5
5 Rachis and costa wings weakly crispate or flat; ultimate segments nearly flat;
involucres ovate to ovate-triangular...........cccceeviiiiiiiiiiinen. H. fujisanense
- Rachis and costa wings strongly crispate; ultimate segments contorted; invo-
lucres oval to suborbicular............ccccoeviiiiiiiiii H. exquisitum
6 Segment mMarging eNtire.........cceivuiiiiiiiiiiiiii 7
- Segment MAarging SEITALE .......ceevvveueueuiuiririeeerereeieeeeeeeereies e 8
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7 Laminae pinnatifid to bipinnatifid; minute pale brownish clavate hairs (ca. < 0.2
mm) present on both surfaces of rachises and veins........ H. chamaecyparicola
- Laminae bipinnate to tripinnatifid; brownish setae (ca. > 1 mm) present on
both surfaces of rachises and veins ..........ccccccevvivnicccinnn. H. oligosorum
8 Involucres obconic-tubular; receptacles exserted........coeeveinencnieinincnncns 9
- Involucres cleft to base, not obconic-tubular; receptacles included in
N0 LTt SRR 11
9 Stipes and rachises wingless; involucres serrate at apexes ........... H. blandum
- Stipes and rachises winged; involucres entire or toothed at apexes............. 10
10 Laminae crispate; involucres toothed; spine-like protrusions present on base
OF INVOIUCIES et H. denticulatum
- Laminae flat; involucres entire; spine-like protrusions absent on base of invo-
JUCTES vttt H. holochilum
11 Involucres orbicular t0 OVALE .......ovcvvvieeiiiiiiieec e 12
— Involucres oblong to oval ..o 13
12 Rachis wings involute; involucres orbicular to oblate, dentate at apexes.........
.................................................................................................... H. okadae
- Rachis wings recurved to revolute; involucres orbicular to ovate, entire or
sometimes slightly crenate at apexes..........ccccveueeeivinniccennne. H. devolii
13 Laminae ovate; segments 2 mm broad; costae of sterile pinna with more than
2 pairs of COSTULES.....cviiiiiiiiiicicic e H. barbatum
- Laminae linear-oblong to linear-lanceolate; segments 2—4 mm broad; costae
of sterile pinna only with 1 or 2 pair of costules................. H. simonsianum
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Appendix |

Table Al. Voucher and sequence information of Hymenaophyllum species for the phylogenetic analyses.
GenBank accessions (rps4- trnS and rbcL) are under their columns, respectively. The symbol “—” means

Wk »

not available; the symbol means newly generated sequences in this study.

Taxon Voucher specimen number Collection locality Herbarium rpsd-trnS rbeL
H. barbatum Hsu 8586 Taiwan (Taoyuan County) TAIF ON773153*  ONG652817*
H. blandum Kuo 2377 Taiwan (Yilan County) TAIF ON773147*  ON773829*
H. bryoides Wade 5785 Vietnam TAIF MW478759  MW478758
H. chamaecyparicola ZXC001440 Taiwan (Yilan County) TAIF ON773148*  ON773830*
H. chamaecyparicola ZXC001438 Taiwan (Yilan County) TAIF ON773149*  ON773831*
H. denticulatum Kuo 872 Taiwan (Pingtung County) TAIF ON773146*  ON773828*
H. denticulatum Kuo 2375 Taiwan (Yilan County) TAIF - ON773827*
H. devolii Knapp 3019 Taiwan (Taitung County) P MF144616 MF144660
H. devolii Lu 27866 Taiwan (Taitung County) TAIF - ON773833*
H. devolii Hsu 6273 Taiwan (Taitung County) TAIF MN266569  MN266660
H. exquistum Hsu 5773 Taiwan (Hsinchu County) TAIF MH211098  MH211069
H. exsertum Fraser-Jenkins-FN123 India TAIF ON773154* ON773836*
H. fujisanense Hsu 6902 Taiwan (Taitung County) TAIF MH211087 MH211058
H. holochilum Kuo 4290 Taiwan (Pingtung County) TAIF MH265124 MH265124
H. imbricatum Kuo 3535 Philippines TAIF MH211105 ~ MH211076
H. okadae Hsu 5853 Taiwan (Taoyuan County) TAIF MH211103 ~ MH211074
H. okadae Kuo 2329 Taiwan (Yilan County) TAIF ON773145*  ON773826*
H. oligosorum Kuo 2378 Taiwan (Yilan County) TAIF - ON773825*
H. oligosorum Hsu 5646 Taiwan (Hualien County) TAIF MH211102 MH211073
H. pachydermicum Hsu 11307 Vietnam TAIF ON773151*  ON773834*
H. pachydermicum Wade 4135 Vietnam TAIF ON773152*  ON773835*
H. paniculiflorum Hsu 5909 Taiwan (Taichung County) TAIF MH211097  MH211068
H. parallelocarpum Hsu 7127 Taiwan (Pingtung County) TAIF MH211101 MH211072
H. punctisorum Hsu 7349 Taiwan (Nantou County) TAIF MH211083 ~ MH211054
H. simonsianum ZXC001955 Taiwan (Nantou County) TAIF ON773150*  ON773832*
H. wrightii Ebihara000901-01 Japan TI AY775430 AB083277
Appendix 2
Table A2. Primers used in this study.

Name Region Sequence (5’-3") Reference
aF rbcl ATGTCACCACAAACAGAGACTAAAGC Hasebe et al. 1994
1379R rbel TCACAAGCAGCAGCTAGTTCAGGACTC Pryer et al. 2001
Fern rbcL fVGF rbcL GAGACTAAAGCAGGTGTTGGATTCA This study
Fern rbcL rVVG rbcL GTTCCCCYTCTAGTTTRCCTACTAC This study
ps> rpsd-trnS ATGTCCCGTTATCGAGGACCT Nadot et al. 1994

trnS rpsd-trnS TACCGAGGGTTCGAATC Souza-Chies et al. 1997
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Abstract

Ardisia whitmorei Julius & Utteridge, sp. nov. (Primulaceae-Myrsinoideae), a member of Ardisia subgenus
Stylardisia on account of the style protruding from the closed petals prior to anthesis, is herein described and
illustrated as a new species. This new species is easily distinguished by the combination of the inflorescences
with a slender rachis branched to two orders, the corolla lobes are abaxially glabrous with usually up to only
two gland-dots near the apex and the brochidrodromous secondary veins with double loops near the margin.

Keywords
Endemic, Ericales, Gunung Padang, IUCN status, Malesia, Stylardisia, taxonomy, Terengganu

Introduction

The genus Ardisia Sw. is one of the largest tropical genera in the Primulaceae subfamily
Myrsinoideae (containing the woodier, tropical members), having a pantropical distribu-
tion with approximately 725 species (POWO 2022). In Peninsular Malaysia, the last com-
prehensive account of the genus was that of Stone (1989) who treated 74 species in an
annotated key in the Tree Flora of Malaya (because most Ardlisia species do not reach the ar-
borescent limit to merit full descriptions in the Tree Flora). An additional five species were
added by Hu (2002; two species), Julius and Utteridge (2012, 2021; two species) and Julius
etal. (2017; one species), bringing the total number of species in Peninsular Malaysia to 79.

Copyright Avelinah Julius & Timothy M.A. Utteridge. This is an open access article distributed under the terms of the Creative Commons Attribution Li-
cense (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Ardisia is classified into 16 subgenera (indicated here with the silcrow: §) using
characters of habit, leaf morphology, inflorescence position and floral morphology
(Mez 1902; Stone 1993; Larsen and Hu 1995), with ten subgenera present in Malesia
(see Stone 1982; Larsen and Hu 1995). In Peninsular Malaysia, all these subgenera
are present with most speciose groups being § 77nus and SStylardisia, with 16 and 15
species, respectively.

A new species from southern Peninsular Malaysia, Ardisia gasingoides Julius & Ut-
teridge, was initially assigned to SStylardisia, based on collections of fruiting material
(Julius et al. 2017). However, recent molecular results suggest it is better placed in
SAcrardisia (Julius 2019; Julius et al. 2021). This example shows the importance of
having flowering specimens, or sequenced material, available for a definitive subgeneric
placement in Ardisia. Stone (1989) annotated specimens of §Szylardisia in the Herbari-
um of the Forest Research Institute Malaysia at Kepong (KEP) during his work for the
Tree Flora account, but several could not be identified due to incomplete material. A
single fruiting collection from Gunung (G.) Padang collected by Timothy Whitmore
in 1969 was annotated by Stone (6 Oct 1980) as ‘Ardisia sp. “Y” near A. sessilis Scheff.
but distinct’, but Stone (1989) did not list this taxon in his annotated key to the genus
in his Tree Flora account. Recently, flowering material of the species was collected dur-
ing an expedition to G. Padang in 2010 (Ummul-Nazrah et al. 2011), allowing us to
critically scrutinise the floral and fruit morphology against the known species in the
subgenus from Peninsular Malaysia. After careful examination of the specimens and
the relevant literature of species known from §Stylardisia, we confirm that this is an
undescribed taxon and it is formally described and illustrated as new to science here.
The new taxon described here brings the number of §Szylardisia species native to Pen-
insular Malaysia to 16.

Materials and methods

This study was based on examination of herbarium specimens at K, KEP and the
relevant taxonomic literature (e.g. Stone 1982, 1992; Larsen and Hu 1991; Chen
and Pipoly 1996; Hu 2002); in addition, specimen images from Global Plants
JSTOR (http://plants.jstor.org/), Kew Herbarium Catalogue (http://apps.kew.
org/herbcat/gotoHomePage.do) and Plants of the World Online (POWO: http://
www.plantsoftheworldonline.org/) were consulted. All measurements were taken
from herbarium specimens and rehydrated material for the floral description;
shape terminology follows Systematics Association Committee (1962). Flowering
and fruiting materials are indicated by ‘fl.’and ‘fr.’, respectively. The conservation
assessment of the species was undertaken using IUCN categories of threat (see
IUCN 2012 and IUCN Standards and Petitions Committee 2022) following the
guidelines and procedures developed at FRIM for the Malaysia Plant Red List
(Chua and Saw 2006).
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Taxonomy

Ardisia whitmorei Julius & Utteridge, sp. nov. (§Stylardisia)
urn:lsid:ipni.org:names:77302868-1
Fig. 1

Diagnosis. Amongst the Peninsular Malaysian members of subgenus (S) Stylardisia,
the new species is easily recognised by the following combination characters: lateral
veins brochidrodromous with double loops towards the margin and prominent on
both surfaces, the relatively large leaves (15-23 cm long), the inflorescences with a
slender rachis and branched to two orders and the glabrous corolla lobes with usually
up to only two gland-dots near the apex abaxially (Fig. 1).

Type. MaLavsia. Peninsular Malaysia: Terengganu, Hulu Terengganu, G. Padang,
trail to summit of G. Padang, 4°51.06'N, 102°53.22'E, 1236 m alt., 20 March 2010
(f.), Mohd. Hairul et al., FRI70884 (holotype KEP!).

Description. A woody shrub with about 2 m high. Indumentum of scale or
short, brown, simple or branched trichomes, with or without glands on vegetative
and reproductive part. Leaves alternate; petiole stout, 1-2 cm long, covered with
dense scale; lamina subcoriaceous, elliptic-oblong, 15-23 x 5.5-7.5 c¢m, base cu-
neate-attenuate, margin entire, apex acuminate, acumen 1-1. 5 cm long, glabrous
on both surfaces, except the dense, brown scale beneath; mid-rib flat above, raised
below; lateral veins 21-28 pairs, closely spaced, brochidrodromous with double
looping in the margin, distinct on upper surface, prominent beneath, intersecond-
ary veins present within each pair; intercostal veins reticulate, distinct on both sur-
faces. Inflorescences axillary in the uppermost axils on lateral branches (see Notes),
paniculate, ca. 12 cm long, 2 times branched, with flowers umbelliform at the ends
of alternate branches, laxly to closely arranged on branchlets; peduncle and rachis
10 cm long, flexuous and winged, densely hairy; bracts lanceolate, ca. 1 mm long,
glabrous on both surfaces, margin ciliate, deciduous. Flower 5-merous; pedicels
4-10 mm long, slender and obconically flared towards calyx base, covered with
simple brown hairs, sparsely to glabrescent; calyx lobes not overlapping, spreading,
covered with 2—4 brown gland-dots abaxially, glabrous on both surfaces, triangular,
1-1.2 x 1 mm, margin ciliate, with laxly spaced, pale brown hairs, apex obtuse;
corolla contorted, lobes pinkish, with up to two gland-dots near apex abaxially,
ovate-acuminate, ca. 3.5 x 1.5 mm, glabrous on both surfaces; stamens subsessile,
anther lanceolate-mucronate, ca. 2 x 0.8 mm, glabrous, except densely covered
with gland-dots near mid-rib abaxially, thecae not locellate, dehiscent by longi-
tudinal slits; ovary globose, ca. 1 x 1 mm, glabrous, style and stigma slender, ca.
4 mm long, ovules ca. 12 in two series. Fruits with dense gland-dots, globose, ca.
4 x 4 mm, glabrous.

Distribution. Endemic in Peninsular Malaysia, Terengganu (G. Padang).

Ecology. Growing in primary lower montane forest.
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Etymology. The species is named after the late Dr Timothy C. Whitmore (1935—
2002), a tropical botanist whose interests pertained to all aspects of tropical rain forests
and who first collected this species from G. Padang.

Conservation status. Least Concern (LC). This species is found only in one lo-
cality and G. Padang is under Taman Negara, which is a protected area. In addition,
the habitat is an intact mossy forest where a healthy population was observed along
the steep slopes ridge towards the summit plateau (Mohd. Hairul Mohd. Amin, pers.
com.). Therefore, it is assessed as Least Concern (LC) according to the Malaysia Red
List (Chua and Saw 2006) and IUCN Red List Categories and Criteria IUCN 2012)
and guideline version 15 (IUCN Standards and Petitions Committee 2022).

Additional specimen examined. Maraysia. Peninsular Malaysia: Terengganu,
Gunong [Gunung] Padang Expedition, Summit plateau G. Padang, closed 40 ft.
[14 m alt.] lower montane type forest on eastern side of plateau [4°51'N, 102°52'E],
4200 ft. [1280 m alt.], 20 Sept 1969 (fr.), 7" C. Whitmore, FRI 12727 (KEP!).

Notes. This species was initially flagged as distinct by Stone who assumed it to be
similar to Ardisia sessilis Scheff., no doubt due to the leaf size and the venation, but to
date, there is no valid name for this taxon. Although the new species shows some simi-
larity to A. sessilis in the shape of the leaves (elliptic-oblong), which are in the same size
range (15-25 cm long) and in the reticulation (intercostal veins * reticulate), it differs
from the latter in several morphological characteristics, such as the marginal veins ab-
sent (but double marginal veins present in A. sessilis), the inflorescence rachis is slender
(vs. stout) and the pedicel is longer and slender (vs. short or almost sessile and thick).

There are several members of §Stylardisia that have large leaves and slender inflores-
cences rachis, but the new species most resembles Ardisia nurii Furtado in having elliptic-
oblong leaves and a brochidrodromous venation. However, the inflorescence in A. nurii is
usually branched to three and rarely two orders, whereas in A. whitmorei, it is branched to
two orders. In addition, the brochidrodromous venation is double looped in A. whitmorei,
but not in A. nurii. The new species is also similar to A. pterocaulis Miq. (A. platyclada King
& Gamble sensu Stone (1989)), also with the inflorescence rachis being slender, but A.
whitmorei has inflorescences branched to two orders (vs. to three orders in A. prerocaulis),
has longer leaves, 15-23 cm long (compared to the shorter leaves, 9.5-13 cm long) with
a flat lamina surface (vs. bullate), the brochidrodromous lateral veins (vs. meet in promi-
nent looped intramarginal veins) and the corolla lobes are pinkish (vs. waxy white), that
are abaxially covered with only two gland-dots near the apex (vs. over the entire surface).

The material of A. whitmorei currently available for study is rather poor and the
inflorescences are found in axils of terminal leaves, but as these inflorescences are large,
multi-flowered and paniculate, as well as the flowers having the style projecting from
the bud, we are confident this species is best placed within §Stylardisia. The material ap-
pears to be of plants that have had the terminal bud removed (they appear damaged at
the apex) and we assume the inflorescences have had to appear from lower axils. Other
subgenera with axillary inflorescences include SPimelandra and SAkosmos, but the new
species has none of the characters for those taxa, i.e. short axillary inflorescences or
axillary and terminal inflorescences and both with no style extension prior to anthesis.
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Figure 1. Ardisia whitmorei Julius & Utteridge, sp. nov. A flowering leafy twig B mature flower C aerial
view of opened flower D flower dissected to show the stamen arrangement E anther, lateral (left) and
front view (right) F petals removed to show calyx and pistil G calyx, abaxial (left) and lateral view
(right) H ovary dissected to show the ovules I flower prior to anthesis, showing one flower with exerted
style J infructescence K fruit L fruit, cross-section. (Illustration by Mohd Aidil Nordin A=l from Mohd.
Hairul et al., FRI70884 })=L from T.C. Whitmore, FRI12727: scale bar for € similar to D, F similar to
B and K similar to L).
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Excluding Conamomum utriculosum Ridl. (synonym: Amomum utriculosum (Ridl.)
Holttum), about ten taxa are listed as endemic to G. Padang (Ummul-Nazrah et al.
2011; with more not yet named due to incomplete material, but known to be distinct
from known species). The addition of the new species described here brings the total
number of endemic species for G. Padang to 11, suggesting that there are very likely
more taxa that may be endemic and waiting to be described.
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Abstract

A new species of Aspleniaceae, Hymenasplenium tholiformis sp. nov., is described from Medog County in
southeastern Xizang, China. The new species is morphologically similar to H. apogamum and H. szechuan-
ense, but the former has ascending pinnae, pinna apex obtuse to rounded, pinna-marginal teeth entire, and
veins terminating just below marginal teeth. Phylogenetic analysis based on five plastid markers confirmed
that this new species represents a diverging lineage in the H. excisum subclade of Hymenasplenium.
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Introduction

Hymenasplenium Hayata is one of two genera in the species-rich fern family Asple-
niaceae, comprising more than 60 species worldwide (Murakami and Moran 1993;
Murakami 1995; PPG I 2016; Schneider et al. 2017; Xu et al. 2018b). The genus is
characterized by the stelar structure of the long-creeping rhizome, dorsiventrally sym-
metrical steles, swollen petiole bases, and unique rachis-costae structure (Murakami
1995; Xu et al. 2018b). Extensive cryptic speciation in Hymenasplenium has been dem-
onstrated based on recent studies (Chang et al. 2018; Xu et al. 2018b), which resulted
in the discovery of a large number of new species (Chang et al. 2018; Xu et al. 2018a,
2019a, 2019b).

Located in southeastern Xizang, Medog County is one of the biodiversity hot-
spots in China, which has rich plant diversity in the Eastern Himalaya (Sun and Zhou
1996). Recently, new taxa of seed plants have continuously added to the flora of this
region (Li etal. 2018; Li etal. 2021; Tian et al. 2021; Ya et al. 2021; Zhou et al. 2021).
Previous taxonomic studies on the ferns in Xizang have partially uncovered the fern
diversity in Medog (Wu 1983; Ching and Ling 1984a, 1984b; Zhang et al. 2004); re-
cent work has added more new species and new records to the fern flora of this region
(Wei et al. 2018; Fan et al. 2021; Qiu et al. 2022). As a continuous effort to clarify
the species diversity of pteridophytes in Medog, we conducted a 12-day fieldwork in
Medog in October 2021. During that trip, we collected some specimens of a species of
Hymenasplenium that were obviously different from all other species of the genus. Our
later morphological study and phylogenetic analysis confirmed that these specimens
represent a distinctive species.

Materials and methods

Morphological studies

Morphological characters of the new species were observed in the field. Herbarium
specimens of Hymenasplenium at KUN and PYU were studied. Digital specimens
of other related species of Hymenasplenium were examined from the online database
CVH (https://www.cvh.ac.cn/) and JSTOR Global Plants (https://plants.jstor.org/).
Spore samples were taken from the type specimens and coated with gold particles us-
ing the BAL-TEC SCD 005 Cool Sputter Coater (BAL-TECAG., Liechtenstein) and
imaged via a QUANTA 200 Scanning Electron Microscope (SEM; FEI Co., USA) at
Yunnan University, Kunming, China.

Phylogenetic analyses

To clarify the phylogenetic position of the new species, we sampled representatives
of all the three major clades of the genus and six subclades in the Old World clade
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(Xu et al. 2018b). DNA sequences from five plastid markers (a2pB, psbA, rbcL, rps4
& rps4-trnS, and trnl & trnL-F) of 102 accessions representing 40 species of Hy-
menasplenium were sampled. Sixteen species of Asplenium were used as outgroups.
Voucher information and GenBank accession numbers for each sampled taxon are
provided in Appendix I.

Total genomic DNA was extracted from silica-gel-dried leaves using the TIAN-
GEN plant genomic DNA extraction kit (TIANGEN Biotech., Beijing, China) fol-
lowing the manufacturers’ protocols. Five plastid markers (apB, psbA, rbcL, rpsd &
rpsd-trnS, and trnl & trnL-F) were selected for amplification and sequencing. The
PCR system uses the ready-to-use rapid PCR master mix gold Mix (green) 25 ul ampli-
fication system developed by Beijing Qingke Xinye Biotechnology Co., Ltd. The new
sequences were viewed and edited using Sequencher v.4.14 (Gene Codes Corporation,
Ann Arbor, Michigan). The total sequences were automatically aligned in MAFFT ver.
7 (Katoh and Standley 2013) and manually adjusted in BioEdit (Hall 1999). jMod-
eltest2 (Darriba et al. 2012) was used to select the best-fitting likelihood model for
maximum likelihood (ML; Felsenstein 1973) and Bayesian analyses. The Akaike in-
formation criterion (Akaike 1974) was used to select among models instead of the
hierarchical likelihood ratio test, following Pol (2004) and Posada and Buckley (2004).
Maximum likelihood (ML) bootstrapping was conducted with 1000 rapid bootstrap
(BS) analyses followed by a search for the best-scoring tree in a single run in RAxXML
v. 8 (Stamatakis et al. 2008). Bayesian inference (BI) was conducted using MrBayes
3.1.2 (Huelsenbeck and Ronquist 2001) with two runs of four Markov chain Monte
Carlo chains, each beginning with a random tree and sampling one tree every 1000
generations for 10,000,000 generations. Both ML and BI analyses were conducted on
Cipres (Miller et al. 2010).

Results and discussion

Morphological comparison

Like most species in Hymenasplenium, the new species have long-creeping rhi-
zome, once-pinnate laminae, asymmetrical pinnae, reddish-brown rachis, and el-
liptic to reniform spores, but can be distinguished from other species in the genus
by the combined characters of pinna apex obtuse to rounded, ascending pinnae,
relatively fewer pairs of pinnae, and pinna-marginal teeth entire, veins terminat-
ing just below marginal teeth. The pinna shape of H. tholiformis is most distinct
in the genus, with acroscopic margins curved and irregularly toothed, basiscopic
margins truncate or slightly curved and entire, and pinna apex obtuse to rounded.
A few species in the genus sometimes also have pinna apex obtuse, for example,
H. apogamum (N.Murak. & Hatan.) Nakaike, H. szechuanense (Ching) Viane &
S.Y. Dong (Table 1), but none of them have obviously curved margins on the
acroscopic side of pinnae.
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Table 1. Comparison of morphological characters to differentiate Hymenasplenium tholiformis, H. sze-
chuanense, H. apogamum, and H. pseudobscurum.

Characters H. tholiformis H. szech H. apog H. pseudobscurum
Size of lamina 13-16 x 3-5 cm 15-25 x 3-5 cm 10-20 x 3-5 cm 20-25 x 5-10 cm
Number of lateral pinnae 15-21 pairs 20-25 pairs 15-25 pairs 15-30 pairs
Pinna shape trapeziform to trapeziform-lunate trapeziform quadrangular-trapeziform  trapeziform-falcate
Size of middle pinnae 2.5-3 x 0.6-1 cm 1.5-2.3 x 0.7-1 cm 2-3.5x0.6-1 cm 2.5-4 x 0.8-1.8 cm
Shape of pinna apex obtuse to rounded truncate to obtuse obtuse to subacute obtuse to subacute
Stipe color shiny, black purple shiny, dark purple shiny, purple not shiny or purple
Rachis color purple purple purple grayish green
Teeth entire retuse entire entire
Sori position medial inframedial medial supramedial
Indusium single single single double
Number of basalveins 34 34 1-2 3-5
lacking

Molecular phylogenetic analyses

The alignment of five plastid markers was 5,309 bp, of which 3,848 sites were identical,
938 characters were parsimony informative, and 523 variable characters were parsimo-
ny-uninformative. A total of 12 sequences are newly generated for this study (Appendix
I). The monophyly of Hymenasplenium was confirmed by our reconstructed phylog-
eny. Hymenasplenium tholiformis was strongly supported as a member of the H. excisum
subclade in the Old World clade (Xu et al. 2018b). Its afhinity with H. pseudobscurum
Viane was weakly supported (Fig. 2). To date, only three species have been recognized
in the H. excisum subclade (Xu et al. 2018b); our discovery adds one more species to
this subclade. Within the subclade, H. tholiformis is different from H. obscurum (Blume)
Tagawa and H. pseudobscurum by having black-purple to dark purple petioles and pinna
apex obtuse to rounded, and different from H. excisum (C. Presl) S. Lindsay by having
smaller habit and truncate or slightly curved margins of the basiscopic side of pinnae.

Taxonomic treatment

Hymenasplenium tholiformis Liang Zhang, W.B. Ju & K.W. Xu, sp. nov.
urn:lsid:ipni.org:names:77302869-1

Type. Craina. Xizang: Medog County, Beibeng Xiang, Xirang, ca. 600 m from the
Yarlung Zangbo River, 29°11'17.63"N, 95°03'42.27"E, 720 m elev., 28 Oct 2021,
Liang Zhang & Wen-Bin Ju 4781 (holotype: KUN1543824!; isotypes: CDBI!, KUN!).

Diagnosis. Hymenasplenium tholiformis is morphologically most similar to
H. szechuanense, but different by having larger pinnae (middle pinnae 2.5-3 cm vs.
1.5-2.3 cm), extremely ascending upper pinnae (vs. spreading or slightly ascending),
curved margins of acroscopic side of pinnae (vs. truncate), and pinna-marginal teeth
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Figure |. Hymenasplenium tholiformis sp. nov. A habit B crozier € adaxial lamina D abaxial lamina
E adaxial pinnae F abaxial pinnae, showing sori G rhizome scales H spore surface I spores. Photos credit:

A-F by L. Zhang; G-l by W.-Z. Ma & Y.-L. Qiu.
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Figure 2. Maximum likelihood phylogeny of Hymenasplenium based on five plastid markers (22pB, psbA,
rbeL, rps4 & rpsd-trnS, and srnL & trnL-F). The numbers associated with branches are maximum likeli-
hood bootstrap support (MLBS) and Bayesian posterior probability (BIPP). The asterisk indicates MLBS
=100, BIPP = 1.00. The subclades are indicated following Xu et al. (2018b).

entire and veins terminating just below marginal teeth (vs. pinna-marginal teeth retuse

to emarginate and

veins terminating just below these notches).

Description. Plants perennial, 20-36 cm. Rhizome long-creeping, ca. 2 mm in
diam., apex scaly; scales dark brown, lanceolate or narrowly triangular, 0.5-1 x 0.2—
0.3 mm, margins entire; roots yellowish brown when dried. Fronds remote, 10-12 mm
apart, subglabrous; stipe shiny, black purple, 8—13 cm long, base ca. 2-3 mm in diam.,
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with scales similar to those on rhizome; lamina herbaceous, once pinnate, narrowly
oblong to lanceolate, 13-16 x 3—5 c¢m, base truncate and slightly reduced, apex acumi-
nate to caudate; rachis 0.5-1 mm in diam., wingless, narrowly grooved adaxially, shiny,
glabrous, black purple to dark purple; pinnae 15-21 pairs, trapeziform to trapeziform-
lunate, basal pinnae nearly opposite, spreading or slightly ascending, upper pinnae
alternate, extremely ascending, middle pinnae alternate, ascending, 2.5-3 x 0.6-1
cm, dimidiate, pinna asymmetrical, base largest, upper part of pinna enlarged, similar
width as, or slightly wider than, the middle part of pinna, apex obtuse to rounded,
acroscopic margins curved and irregularly toothed, teeth entire, basiscopic margins
truncate or slightly curved and entire (Fig. 1). Veins visible on both sides of pinnae,
free, forking and terminating in marginal teeth, 3—4 basal basiscopic veins lacking.
Sori medial, linear or semi-elliptic, 5-8 pairs per pinna (Fig. 1), 2-3 mm long; indusia
persistent, brown, linear or semi-elliptic, membranous, entire, opening toward costa.
Spores elliptic to reniform, perispore fimbriate-alate, 43—47 pm in diam. (Fig. 1); 32
spores per sporangium.

Distribution and conservation assessment. Hymenasplenium tholiformis is
endemic to Medog County. Currently, only one large population with ca. 35 indi-
viduals was found. According to IUCN Red List criteria B2a or D (IUCN 2022),
this species should be listed as critically endangered (CR). More extensive fieldwork
at low elevations in nearby mountains will be needed to accurately assess its con-
servation status.

Ecology. Hymenasplenium tholiformis was observed in a shady place at the bot-
tom of a large rock in the disturbed forest, at an elevation of 720 m, ca. 600 m from
the Yarlung Zangbo River. High humidity and cool conditions are important for the
growth of the new species.

Etymology. The specific epithet alludes to dome shape of pinna apex.

Vernacular name. yuan ding mo ye tie jiao jue ([ TH -4 1 5% ; Chinese name).

Comments. In Medog County, ferns are highly diverse along the Yarlung Zang-
bo River and its tributaries. In this region, at elevations between 650 m and 4500
m, we have discovered four species in three subclades of Hymenasplenium, including
H. cheilosorum (Kunze ex Mett.) Tagawa in the H. cheilosorum subclade, H. obliquis-
simum (Hayata) Sugim. in the H. obliquissimum subclade, and H. excisum and H. tholi-
formis in the H. excisum subclade. Of the four species, H. tholiformis is distributed at
the lowest elevation, while H. obliquissimum is at the highest elevation between 2100
m to 2250 m.
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Appendix |

Voucher specimens and GenBank accession numbers for DNA sequences used in this
study. Information is presented in the following order: species, voucher, locality, Gen-
Bank numbers for 7bcL, trnl intron & trnL-F spacer, rps4 & rpsd-trnS, atpB, psbA. “*”
represents the newly published sequences in this study; “—” no data. Herbaria acro-
nyms follow Index Herbariorum (Thiers 2016).

Asplenium aegaeum Lovis, Reichst. & Greuter in Reichst; Jermy 9181 (BM);
Crete; AY300103 (Schneider etal. 2005); AY300050 (Schneider etal. 2005); AY549774
(Schneider et al. 2005); — —. A. aureum Cav.; Hughes 64 (BM); Belize; AF240651
(Pinter et al. 2002); AF240667 (Pinter et al. 2002); AY549759 (Pinter et al. 2002); —;
—. A. cuspidatum Lam.; Grantham & Parsons 0233090 (UC); Costa Rica; AY300111
(Schneider et al. 2004); AY300058 (Schneider et al. 2004); AY549760 (Schneider et al.
2004); — —. A. dielfalcatum Viane; Wood 7826 (PTBG); Hawaii; AY549738 (Schnei-
der et al. 2005); AY549841 (Schneider et al. 2005); AY549787 (Schneider et al. 2005);
—; —. A. erosum Maxon; Unknow; — KX397706 (Germain-Aubrey,C. C et al., Unpub-
lished); — — — —. A. flabellifolium Cav.; Holmes 4/4/99 (BM); Australia; AY300115
(Schneider et al. 2005); AY300062 (Schneider et al. 2005); AY549779 (Schneider et al.
2005); —; —. A. hastatum Klotzsch ex Kunze; Viane 10182C; Merida, Venezuela;
GU929869 (Leroux et al. 2011); —; —; —; —. A. juglandifolium Lam.; Viane 10667;
Puerto Rico; GU929870 (Leroux et al. 2011); —; —; —; —. A. normale D. Don; Ohlsen
296 (MELU); Queensland, Australia; KP774926 (Ohlsen et al. 2015); KP851904
(Ohlsen et al. 2015); KP835419 (Ohlsen et al. 2015); —; —. A. polyodon G. Forst; Per-
rie NC 124 (WELT); New Caledonia; KP774900 (Ohlsen et al. 2015); KP835397
(Ohlsen et al. 2015); KP835433 (Ohlsen et al. 2015); — —. A. subglandulosum subsp.
papaverifolium (Kunze) Salvo, Prada & Consuelo Diaz; Prada & Consuelo Diaz Ohls-
en 442 (MELU); Victoria, Australia; KP774929 (Ohlsen et al. 2015); KP851909
(Ohlsen et al. 2015); KP835456 (Ohlsen et al. 2015); —; —. A. tenerum G. Forst;
Ohlsen 265 (MELU); Queensland, Australia; KP774858 (Ohlsen et al. 2015);
KP835346 (Ohlsen et al. 2015); KP835437 (Ohlsen et al. 2015); —; —. A. trichomanes
subsp. inexpectans Lovis; Vogel 1-46-B04; France; AY549743 (Schneider et al. 2005);
AY549846 (Schneider et al. 2005); AY549792 (Schneider et al. 2005); —; —. A. varians
Wall. ex Hook. & Grev.; Fraser-Jenkins 10046-10047 (BM); China; AY300147 (Sch-
neider et al. 2005); AY300094 (Schneider et al. 2005); — — —. A. wrightii D. C. Eaton
ex Hook.; Cranfill TW040 (UC); Taiwan, China; AY549730 (Schneider et al. 2005);
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AY549833 (Schneider et al. 2005); AY549766 (Schneider et al. 2005); — —. A. yun-
nanense Franch.; Fraser-Jenkins 10044—10045 (BM); China; AY300149 (Schneider et
al. 2005); AY300096 (Schneider et al. 2005); AY549803 (Schneider et al. 2005); —; —.
Hymenasplenium adiantifrons (Hayata) Viane & S. Y. Dong; Knapp 3609 (P); Tai-
wan, China; —; MHO065559 (Xu et al. 2018); MH065322 (Xu et al. 2018); — —. H.
adiantifrons; Knapp 3904 (P); Taiwan, China; -5 MHO065560 (Xu et al. 2018);
MHO065323 (Xu et al. 2018); —; —. H. apogamum N. Murak. & Hatan.; Zhang et al.
7750 (CDBI, MO, VNMN); Thua Thien-Hue, Vietnam; MH065437 (Xu et al. 2018);
MHO065604 (Xu et al. 2018); MH065376 (Xu et al. 2018); MH065518 (Xu et al.
2018); —. H. apogamum; Chang 1040 (HITBC); Yunnan, China; MH884808 (Chang
et al. 2018); —; MH884830 (Chang et al. 2018); —; MH®884838 (Chang et al. 2018).
H. cardiophyllum (Hance) Nakaike; Sysu 2; Cult. in Sun-yat Sen University;
MHO065387 (Xu et al. 2018); MH065534 (Xu et al. 2018); MH065306 (Xu et al.
2018); MH065454 (Xu et al. 2018); —. H. cardiophyllum; Zhang et al. 6588 (CDBI,
MO, VNMN); Lang Son, Vietnam; — MH065584 (Xu et al. 2018); —; MH065501
(Xu et al. 2018); —. H. cheilosorum (Kunze ex Mett.) Tagawa; Xu GX022 (SYS);
Guangxi, China; MH065381 (Xu et al. 2018); —; MH065343 (Xu et al. 2018);
MHO065448 (Xu et al. 2018); —. H. cheilosorum; Xu 102 (SYS); Hainan, China;
MHO065385 (Xu et al. 2018); —; MH065346 (Xu et al. 2018); MH065452 (Xu et al.
2018); —. H. cheilosorum; Xu 299 (SYS); Guangxi, China; MH065402 (Xu et al.
2018); — MH065350 (Xu et al. 2018); MHO065473 (Xu et al. 2018); —. H. cheiloso-
rum; Xu 322 (SYS); Yunnan, China; MH065405 (Xu et al. 2018); —; MH065352 (Xu
et al. 2018); MHO065476 (Xu et al. 2018); —. H. cheilosorum; Zhang et al. 8629
(CDBI, MO, PHH); Lam Dong, Vietnam; MH065415 (Xu etal. 2018); —; MH065357
(Xu et al. 2018); MH065487 (Xu et al. 2018); —. H. cheilosorum; Jin & Zhang 11348
(CDBI); Yunnan, China; —; MH065571 Xu et al. 2018); MH065359 (Xu et al. 2018);
MHO065489 (Xu et al. 2018); —. H. chingii K. W. Xu, Li Bing Zhang & W. B. Liao; Jin
& Zhang 11347 (CDBI); Yunnan, China; MH065428 (Xu et al. 2018); MH065586
(Xu et al. 2018); MH065364 (Xu et al. 2018); MH065502 (Xu et al. 2018); —. H.
chingii; Zhang et al. 9455 (CDBI); Guizhou, China; MH065430 (Xu et al. 2018);
MHO065588 (Xu et al. 2018); MH065333 (Xu et al. 2018); MH065504 (Xu et al.
2018); —. H. delitescens (Maxon) L. Regalado & Prada; Jones 1078 (MO); Panama;
MHO065443 (Xu et al. 2018); MH065609 (Xu et al. 2018); MH065338 (Xu et al.
2018); MH065522 (Xu et al. 2018); —. H. distans Li Bing Zhang, K. W. Xu & Liang
Zhang; Zhang et al. 6296 (CDBI, MO, VNMN); Hoa Binh, Vietnam; - MH065591
(Xu et al. 2018); MH065335 (Xu et al. 2018); MH065507 (Xu et al. 2018); —. H.
excisum (C. Presl) S. Linds.; Brownsey & Perrie FIJI 190 (WELT); Fiji; KP774884
(Ohlsen et al. 2015); KP851914 (Ohlsen et al. 2015); KP851882 (Ohlsen et al. 2015);
—; —. H. excisum; Zhang et al. 8039 (CDBI, MO, VNMN); Quang Nam, Vietnam;
MHO065419 (Xu et al. 2018); MH065573 (Xu et al. 2018); MH065361 (Xu et al.
2018); —; —. H. excisum; Xu 100 (SYS); Hainan, China; MH065383 (Xu et al. 2018);
MHO065531 (Xu et al. 2018); MH065344 (Xu et al. 2018); MH065450 (Xu et al.
2018); —. H. excisum; Xu 110 (SYS); Hainan, China; MH065384 (Xu et al. 2018);
MHO065532 (Xu et al. 2018); MH065345 (Xu et al. 2018); MH065451 (Xu et al.
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2018); — H. excisum; Xu 198 (SYS); Hainan, China; MH065394 (Xu et al. 2018);
MHO065541 (Xu et al. 2018); MH065341 (Xu et al. 2018); MH065462 (Xu et al.
2018); —. H. excisum; Zhang et al. 6714 (CDBI, MO, VNMN); Bac Kan, Vietnam;
MHO065436 (Xu et al. 2018); MH065603 (Xu et al. 2018); MH065375 (Xu et al.
2018); MHO065517 (Xu et al. 2018); —. H. filipes (Copel.) Sugim., Murakami 596902
(TT); Kagoshima, Japan; U30605 (Hasebe et al. 1995); —; — — —. H. filipes; Murakami
92-]J012; Kagoshima, Japan; AB016176 (Murakami et al. 1998); — — — —. H. furfu-
raceum (Ching) Viane & S.Y. Dong; Xu 304 (SYS); Yunnan, China; MH065406 (Xu
et al. 2018); MH065553 (Xu et al. 2018); MH065353 (Xu et al. 2018); MH065477
(Xu et al. 2018); —. H. furfuraceum; Xu 307 (SYS); Yunnan, China; MH065409 (Xu
et al. 2018); MHO065557 (Xu et al. 2018); MH065320 (Xu et al. 2018); MH065481
Xu et al. 2018); —. H. furfuraceum; Changl072 (HITBC); Yunnan, China;
MW194198 (Zhang et al. 2021); — MW194221 (Zhang et al. 2021); — MW194182
(Zhang et al. 2021). H. hastifolium Ke Wang Xu, Li Bing Zhang &W. B. Liao; Xu
282-2 (SYS); Guangxi, China; MH065397 (Xu et al. 2018); MH065546 (Xu et al.
2018); MH065312 (Xu et al. 2018); MH065468 (Xu et al. 2018); —. H. hastifolium;
Xu 282-1 (SYS); Guangxi, China; MH065398 (Xu et al. 2018); MH065547 (Xu et al.
2018); MH065313 (Xu et al. 2018); MH065469 (Xu et al. 2018); —. H. hoffinannii
(Hieron.) L. Regalado & Prada; Croat & Zhu 76985 (MO); Canal, Panama;
MHO065441 (Xu et al. 2018); MH065607 (Xu et al. 2018); MH065378 (Xu et al.
2018); —; —. H. hoffinannii; Monro & Douglas 3463 (MO); Santa Ana, El Salvador;
MHO065442 (Xu et al. 2018); MH065608 (Xu et al. 2018); MH065337 (Xu et al.
2018); MH065521 (Xu et al. 2018); —. H. hondoense (N.Murak. & Hatan.) Nakaike;
Murakami 596920 (KYO); Kouchi, Japan; AB014705 (Murakami et al. 1999); — — —;
—. H. hondoense; Chang1062 (HITBC); Yunnan, China; MH884814 (Chang et al.
2018); —; MHS884833 (Chang et al. 2018); —; MHS884840 (Chang et al. 2018). H.
laetum (Sw.) L. Regalado & Prada; Jones 1155 (TUR); — — — — KMI114105
(Lehtonen,S et al., Unpublished); —. H. laterepens N. Murak. & X. Cheng ex Y. Fen
Chang & K. Hori; Chang 2655 (HITBC); Yunnan, China; MH884806 (Ohlsen et al.
2015); — — —; — H. laterepens; Chang 1039 (HITBC); Yunnan, China; MH884807
(Chang et al. 2018); — MH884829 (Chang et al. 2018); —; MH884837 (Chang et al.
2018). H. latidens (Ching) Viane & S. Y. Dong; Knapp 3672 (P); Taiwan, China; —
MHO065566 (Xu et al. 2018); —; —; — H. latidens; Xu 309 (SYS); Yunnan, China;
MHO065407 (Xu et al. 2018); MH065554 (Xu et al. 2018); MH065318 (Xu et al.
2018); MH065478 (Xu et al. 2018); —. H. latidens; Y.-F. Chang1029 (HITBC); Yun-
nan, China; MW194204 (Zhang et al. 2021); —; MW194219 (Zhang et al. 2021); —
MW194180 (Zhang et al. 2021). H. murakami-hatanakae Nakaike; Ranker 2072
(COLO); Taiwan, China; EF452140 (Schuettpelz et al. 2007); — (Schuettpelz et al.
2007); — (Schuettpelz et al. 2007); EF452020 (Schuettpelz et al. 2007); —. H. muraka-
mi-hatanakae Nakaike; C.-C. Chen 1089 (HITBC); Taiwan, China; MH884823
(Chang et al. 2018); — — —; —. H. neocaledonicum Li Bing Zhang & K. W. Xu; Per-
rieNC177 (WELT); New Caledonia; KP774896 (Ohlsen et al. 2015); KP851915,
(Ohlsen et al. 2015); KP851878 (Ohlsen et al. 2015); —; —. H. ngheanense Li Bing
Zhang, K. W. Xu & N. T. Lu; Zhang et al. 6532 (CDBI, MO, VNMN); Phu Tho,



A new fern species from Xizang, China 55

Vietnam; MH065426 (Xu et al. 2018); MH065583 (Xu et al. 2018); MH065331 (Xu
etal. 2018); MH065500 (Xu et al. 2018); —. H. ngheanense; Zhang et al. 7163 (CDBI,
MO, VNMN); Nghe An, Vietnam; MH065439 (Xu et al. 2018); MH065605 (Xu et
al. 2018); MH065336 (Xu et al. 2018); MH065519 (Xu et al. 2018); —. H. obliquis-
simum (Hayata) Sugim.; Murakami & J. Yokoyarna 94-T628; Chiang Mai, Thailand;
AB016178 (Murakami et al. 1998); — —; — —. H. obliquissimum; lwatsuki et al. 94-
V302; Hoang Lien Son, Vietnam; AB016187 (Murakami et al. 1998); — — — —. H.
obliquissimum; Ju & Deng 12689 (CDBI); Sichuan, China; — MH065597 (Xu et al.
2018); MH065370 (Xu et al. 2018); MH065511 (Xu et al. 2018); —. H. obliquissiu-
mum; Changl1292 (HITBC); Tibet, China; MW194212 (Zhang et al. 2021); —;
MW194232 (Zhang et al. 2021); —; MW194192 (Zhang et al. 2021). H. obscurum
(Blume) Tagawa; Xu 324 (SYS); Yunnan, China; MH065404 (Xu et al. 2018);
MHO065552 (Xu et al. 2018); MH065351 (Xu et al. 2018); MH065475 (Xu et al.
2018); —. H. obscurum; Zhang et al. 7715 (CDBI, MO, VNMN); Thanh Hoa, Viet-
nam; MH065411 (Xu et al. 2018); MH065567 (Xu et al. 2018); MH065354 (Xu et
al. 2018); MH065483 (Xu et al. 2018); —. H. obscurum; Wu et al. WS2176 (MO);
Xiangkhoang, Laos; ON859869 *; ON859878 *; ON859875;0N859872 *; —. H.
obscurum; Wu et al. WS§2552 (MO); Louangphrabang, Laos; ON859870 *;
ONB859879 *; ON859876*;0N859873 *; —. H. perriei Li Bing Zhang & K. W. Xu;
Brownsey & Perrie FIJI 13 (WELT); Fiji; KP774885 (Ohlsen et al. 2015); KP851918
(Ohlsen et al. 2015); KP851880 (Ohlsen et al. 2015); — —. H. phamhboanghoi Li Bing
Zhang, K. W. Xu & T. T. Luong; Zhang et al. 8819 (CDBI, MO, PHH); Khanh Hoa,
Vietnam; MHO065432 (Xu et al. 2018); MH065590 (Xu et al. 2018); MH065334 (Xu
etal. 2018); MH065506 (Xu et al. 2018); —. H. pseudobscurum Viane; Knapp 4133
(P); Taiwan, China; —; MH065565 (Xu et al. 2018); — —; —. H. pseudobscurum; Xu
004 (SYS); Hong Kong, China; MH065380 (Xu et al. 2018); MH065530 (Xu et al.
2018); MHO065342 (Xu et al. 2018); MH065447 (Xu et al. 2018); —. H. pseudobscu-
rum; Fraser-Jenkins30715; Bhutan; MH884826 (Chang et al. 2018); —; MH884834
(Chang et al. 2018); —; —. H. pseudobscurum; Chang 1010 (HITBC); Yunnan, China;
MHS884827 (Chang et al. 2018); — MH884835 (Chang et al. 2018); — MH884841
(Chang et al. 2018). H. pseudobscurum; Chang 1047 (HITBC); Yunnan, China;
MH884828 (Chang et al. 2018); —; MH884836 (Chang et al. 2018); —; MH884842
(Chang et al. 2018). H. quangnamense Li Bing Zhang, K. W. Xu & Liang Zhang;
Zhang et al. 7884 (CDBI, MO, VNMN); Quang Nam, Vietnam; MH065412 (Xu et
al. 2018); MH065568 (Xu et al. 2018); MH065355 (Xu et al. 2018); MH065484 (Xu
et al. 2018); —. H. quangnamense; Schuettpelz 874; Malay Peninsula; MH884824
(Chang et al. 2018); — — — —. H. queenslandicum Li Bing Zhang & K. W. Xu;
Ohlsen 252 (MELU); Queensland, Australia; KP774849 (Ohlsenet al. 2015);
KP851916 (Ohlsenet al. 2015); KP851879 (Ohlsen et al. 2015); — —. H. quercicola
(Ching) Viane & S. Y. Dong; Changl064 (HITBC); Yunnan, China; MW194205
(Zhang et al. 2021); — MW194220 (Zhang et al. 2021); — MW194181 (Zhang et al.
2021). H. retusulum (Ching) Viane & S. Y. Dong; Jiang 00371 (SYS); Yunnan, China;
MHO065379 (Xu et al. 2018); MH065529 (Xu et al. 2018); MH065304 (Xu et al.
2018); MHO065446 (Xu et al. 2018); —. H. retusulum; Xu 311 (SYS); Yunnan, China;
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MHO065408 (Xu et al. 2018); MH065556 (Xu et al. 2018); MH065319 (Xu et al.
2018); MH065480 (Xu et al. 2018); —. H. riparium (Liebm.) L. Regalado & Prada;
Murakami & Grayum 281 (KYO); Virgen del Socorro, Costa Rica; AB014708 (Mu-
rakami et al. 1999); — — — —. H. sinense K. W. Xu, Li Bing Zhang & W. B. Liao; Xu
PB001 (SYS); Yunnan, China; MH065386 (Xu et al. 2018); MH065533 (Xu et al.
2018); rps4 & MHO065347 (Xu et al. 2018); MH065453. (Xu et al. 2018); —. H. sin-
ense; Xu 134 (SYS); Jiangxi, China; MH065388 (Xu et al. 2018); MH065535 (Xu et
al. 2018); MH065348 (Xu et al. 2018); MH065455 (Xu et al. 2018); —. H. sinense; Xu
GX018 (SYS); Guangxi, China; — — MH065349 (Xu et al. 2018); MH065465 (Xu et
al. 2018); —. H. speluncicola Li Bing Zhang, K. W. Xu & H. He; Zhang et al. 5494
(CDBI, MO); Guangxi, China; — MH065592 (Xu et al. 2018); MH065366 (Xu et al.
2018); MH065508 (Xu et al. 2018); —. H. speluncicola; Zhang et al. 6035 (CDBI);
Guizhou, China; —; MHO065594 (Xu et al. 2018); MH065368 (Xu et al. 2018);
MHO065509 (Xu et al. 2018); —. H. subnormale (Copel.) Nakaike; Knapp 4525 (P);
Taiwan, China; —; MH065612 (Xu et al. 2018); —; MH065526 (Xu et al. 2018); —. H.
subnormale; Knapp 4509 (P); Taiwan, China; — MHO065613 (Xu et al. 2018); —;
MHO065527 (Xu et al. 2018); —. H. szechuanense (Ching) Viane & S. Y. Dong;
Chang1099 (HITBC); Sichuan, China; MW194207 (Zhang et al. 2021); —;
MW194223 (Zhang et al. 2021); —; MW194183 (Zhang et al. 2021). H. szechuan-
ense; Chang1098 (HITBC); Sichuan, China; MW194206 (Zhang et al. 2021); —;
MW194222 (Zhang et al. 2021); — MW194193 (Zhang et al. 2021). H. tholiformis
Liang Zhang, W.B. Ju & K.W. Xu; Zhang Liang 4781 (KUN); Tibet, China; ON859868
*; ON859877 *; — ON859871 *; ON859874 *. H. triquetrum (N. Murak. & R. C.
Moran) L. Regalado & Prada; Sylvestre 2208 (RB); Brazil; KT329398 (Mynssen et al.
2016); — — — — H. triquetrum; Jimenez 5153 (MO); La Paz, Bolivia; MH065444
(Xuetal.2018); MH065610 (Xuetal. 2018); MH065339 (Xuetal. 2018); MH065523
(Xu et al. 2018); —. H. unilaterale (Lam.) Hayata; Viane 8344; Reunion; GU929873
(Leroux et al. 2011); —; — — —. H. unilaterale; Hemp A. 18 (BM); Kenya; AF240652
(Pinter et al. 2002); AF525232 (Pinter et al. 2002); —; — —. H. vanuatuense Li Bing
Zhang & K. W. Xu; Ohlsen 392 (MELU); Tanna, Vanuatu; KP774898 (Ohlsen et al.
2015); KP851917 (Ohlsen et al. 2015); KP851881 (Ohlsen et al. 2015); —; — H.
wangpeishanii Li Bing Zhang & K. W. Xu; Zhang et al. 9665 (CDBI); Guizhou,
China; MH065423 (Xu et al. 2018); MH065577 (Xu et al. 2018); — MH065494 (Xu
et al. 2018); —. H. wangpeishanii; Zhang et al. 9455 (CDBI); Guizhou, China;
MHO065430 (Xu et al. 2018); MH065588 (Xu et al. 2018); MH065333 (Xu et al.
2018); MH065504 (Xu et al. 2018); —. H. wildii (Bail.) D.J.Ohlsen; Ohlsen 246
(MELU); Queensland, Australia; KP774927 (Ohlsen et al. 2015); KP851919 (Ohlsen
etal. 2015); KP851877 (Ohlsen et al. 2015); —; —. H. wuliangshanense (Ching) Viane
& S. Y. Dong; Y.-F. Chang1102 (HITBC); Yunnan, China; MW194208 (Zhang et al.
2021); — MW194224 (Zhang et al. 2021); — MW194184 (Zhang et al. 2021). H.
wuliangshanense; Chang1104 (HITBC); Yunnan, China; MWW194209 (Zhang et al.
2021); — MW194225 (Zhang et al. 2021); — MW194185 (Zhang et al. 2021).
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Abstract

Rumex is one of about 50 genera in the knotweed family, Polygonaceae. The genus comprises about 200
species with bisexual, or more commonly, unisexual flowers, with the species displaying monoecious,
dioecious, synoecious (hermaphroditic) or polygamous reproductive systems. Some of the dioecious spe-
cies have heteromorphic sex chromosomes, which is rare amongst angiosperms. We here present a plastid
phylogeny of 67 species, representing all four subgenera. For this study, we used three chloroplast mark-
ers, rbcL, trnH-psbA, trnL-F and dense taxon sampling to reconstruct the most comprehensive molecular
phylogeny of Rumex to date. The reconstructed phylogeny for this work resolves six major clades and one
large grade in Rumex subg. Rumex. In addition, the species with known dioecious reproductive systems are
resolved within a broader clade we term “the dioecious clade”. These results suggest that the species with
divergent reproductive systems are more closely related to each other than to other species comprising the

rest of the Rumex genus.
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Introduction

Commonly known as docks and sorrels, Rumex L. (Polygonaceae) is a relatively large
genus. Rumex encompasses four circumscribed subgenera, approximately 200 species
and hundreds of described subspecies or varieties. Many species in Rumex are cosmo-
politan in nature, spanning six continents of the world. However, many individual
species are either regionally endemic, native or introduced on particular continents
(Rechinger 1937).

The cosmopolitan distribution of Rumex species is indicative of their ability to
thrive in a wide variety of environmental conditions. Described species are just as
recurrent in dry and sandy soils as they are in marshes and cultivated fields, span-
ning the arctic, subarctic, boreal, temperate, tropical and subtropical localities (Love
and Kapoor 1967). Although several biological species demonstrate little to no niche
preference (e.g. Rumex crispus L., Rumex obtusifolius L.), there are others that exhibit
exceedingly precise ecological requirements (e.g. Rumex bipinnatus L.f., Rumex pictus
Forrsk.). The large variation in the distribution of Rumex species might also account
for the large deviation observed in the morphology of these species (Fig. 1), whereby
some reach almost seven metres in height and others rarely exceed a few centimetres
(Rechinger 1949; Love and Kapoor 1967; Rechinger 1990).

In the 20 Century, progress in the taxonomic and cytological study of Rumex
was largely accomplished by two researchers: Askell Love and Karl Heinz Rechinger
(Rechinger 1937; Rechinger 1954a; Love and Kapoor 1967). Love extensively docu-
mented the cytological diversity of Rumex and he proposed a generic status for Acetosa
and Acetosella (the groups with species bearing heteromorphic sex chromosomes) and
subgeneric status for Axillares and Platypodium. Love also considered Rumex to be
composed of several smaller genera corresponding to a number of cytotypes (Love
1957; Love and Kapoor 1967; Mariotti et al. 2006, 2009).

Over the course of his career, Rechinger effectively monographed Rumex, using
plant morphology and geographic distribution in his taxonomic treatments (Rechinger
1933, 1937, 1939, 1949, 1954a, b, 1984, 1990; Brandbyge and Rechinger 1989). By
the mid-1900s, Rechinger had proposed a subgeneric status for Platypodium and main-
tained Acetosa, Acetosella and Lapathum as comparable subgenera (Rechinger 1954a;
Table 1). Rechinger chose to retain Rumex as a single genus.

The reproductive systems of Rumex species vary extensively. Species of Rumex
exhibit synoecious (hermaphroditic), monoecious, dioecious and polygamous

Table I. Summary of the recognised subgenera in Rumex, with species diversity and reproductive sys-
tems present.

Subgenus No. of species Sexual system Sex chromosomes
Acetosa 41 Dioecious, Gynodioecious, Polygamous ~ Yes (in part)- XX/XYY,
Acetosella 5 Dioecious (rarely polygamous) Yes- XX/XY
Rumex (= Lapathum) 126 Synoecious, Monoecious No

Platypodium 1 Synoecious No
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Figure 1. Depiction of morphological variation amongst the different subgenera of Rumex. A Rumex
acetosella growing in Virginia, USA (subg. Acetosella) B Rumex thyrsoides growing in Morocco (subg.
Acetosa) € Rumex nervosus growing in Ethiopia (subg. Acetosa) D Rumex obtusifolius growing in New
York, USA (subg. Rumex) E Rumex bucephalophorus collected on the Moroccan coast (subg. Platypodium)
F Rumex papilio growing in Morocco (subg. Acetosa). All photo credits J.M. Burke.

reproductive systems (Rechinger 1949; Rechinger 1954a; Love and Kapoor 1967;
Mosyakin 2005; Navajas-Pérez et al. 2005). Most of the reproductive system diversity
has been described in subgenera Acetosa or Acetosella. In particular, most species in
these subgenera are dioecious (Rechinger 1937, 1949, 1954a, 1984). A few species in
subgenus Rumex have variable systems, especially between synoecy and monoecy (e.g.
Rumex crispus, ]. Burke, pers. obs.). There are also three species of Rumex endemic to
the Hawaiian Islands (Rumex albescens Hillebr., R. giganteus Aiton and R. skottsbergii
O. Deg. & 1. Deg.), which are all monoecious (Wagner et al. 1999).

Rumex has two different sex chromosome systems exhibited in many of the dioecious
species, classified in Rumex subg. Acetosa and Rumex subg. Acetosella. In Rumex, the
documented sex chromosomes are heteromorphic. Two sex-determining chromosomal
mechanisms are known: XX/XY and XX/XY|Y, (Love 1940, 1942,1943, 1944; Love
and Love 1948; Shibata et al. 1999, 2000; Navajas-Pérez et al. 2005; Cunado et al.
2007; Ming et al. 2011). The XX/XY,Y, system is dosage-dependent and plant sex is
based on the autosome to sex-chromosome ratio. In this system, female individuals
have 14 chromosomes and male individuals have 15 chromosomes (Love 1940, 1944;
Love and Kapoor1967; Navajas-Pérez et al. 2005).
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Recent molecular phylogenetic work has sought to resolve the placement of Rumex
in the Polygonaceae more broadly (Sanchez and Kron 2008; Sanchez et al. 2009; Burke
et al. 2010; Burke and Sanchez 2011; Sanchez et al. 2011; Schuster et al. 2011, 2013,
2015). These studies have placed Rumex alongside the other Rumices of Campderd
(Emex and Oxyria), with the addition of Rheum as either sister to Oxyria (Burke et al.
2010; Schuster et al. 2011) or to Rumex + Emex (Schuster et al. 2013, 2015). One area
that lacks clarity has been the placement of Emex, which sometimes appears to be nest-
ed within Rumex (e.g. Sanchez et al. 2011) and is sometimes placed as sister to Rumex
(e.g. Burke et al. 2010). Moreover, the relationships of species within Rumex, including
the relationship between Rumex and Emex, continue to be poorly understood due to
insufficient sampling and paucity of data. To date, the relationships amongst species
placed within Rechinger’s subgenus Rumex are particularly obscure.

Here we present a new phylogeny of Rumex, constructed using three plastid gene
regions (trnH-psbA, rbcL and trnL-F) and 67 Rumex species. We have used this phy-
logeny to test the placement and monophyly of its circumscribed subgenera, as well
as discuss the broad patterns in the evolution of reproductive systems within Rumex.

Materials and methods

Taxon sampling and DNA Isolation

DNA was isolated from 109 accessions, representing 67 Rumex species. Of the 109 in-
cluded accessions, a total of 99 Rumex accessions, six Rheum L. species, three Emex L.
accessions and one species of Persicaria L. (Mill.) are represented. Persicaria virginiana
(L.) Gaertn., Rheum alexandrae Batalin, Rheum emodii Wall., Rheum nobile Hook. f.
& Thomson, Rheum officinale Baill., Rheum palmatum L. and Rheum rhabarbarum L.
were included as outgroup species. Additional plant samples were obtained through the
GenBank sequence database (Appendix Al). Samples were taken from a combination of
herbarium specimens (K, NY, OSC, RAB, US), field collections and cultivated samples
from collaborators. Herbarium acronyms follow the Index Herbariorum (Thiers 2019).

All fresh leaf samples were dried using silica gel. Plant tissue was homogenised
using the FastPrep-24 5G Sample Preparation System (M. P. Biomedicals, LLC Santa
Ana CA, USA). Total genomic DNA was extracted from herbarium specimen-sampled
and silica-dried leaf tissues using a BIOLINE ISOLATE II Plant DNA Kit (Cat No.
BIO-52070). Modification for herbarium material proceeded as follows: Cell lysis was
carried out using 300 pl of buffer (PA1 or PA2) and 30 pl of proteinase K (20 pg/ml)
and incubated for 18 hours at 65 °C on an orbital shaker.

Marker selection

For this first comprehensive phylogeny of the genus, we focused on plastid marker
selection. Previous authors utilised nrITS as a nuclear marker (Schuster et al. 2011;
Schuster et al. 2015). However, we did not utilise nrITS for this phylogeny due to
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a number of issues that would interfere with accurate reconstruction of evolution-
ary relationships: 1) nrITS is extremely variable and difficult to align (66% of nrITS
sequence data was excluded in Schuster et al. [2015] publication) and 2) Due to wide-
spread polyploidy documented in multiple Rumex species, sequences of nrITS would
not necessarily be low copy and there would be substantial issues with paralogy and
orthology across multiple polyploidy events.

For plastid marker selection, we screened multiple markers that had previously
been used in Polygonaceae reconstruction (Burke et al. 2010; Burke and Sanchez
2011; Koenemann and Burke 2020). We selected markers that both showed sufficient
variation across the genus and were easily amplified for most taxa.

PCR amplification and sequencing

Amplification of DNA markers was completed for three plastid regions: rbcL, trnH-
psbA and trnL-F (Table 2). rbcL was amplified using the following PCR conditions:
94 °C for 1 min, followed by 34 cycles of 94 °C/15 s, 54 °C/15 s and 72 °C/30 s and a
final extension period of 5 min at 72 °C. trnH-psbA was amplified using the following
PCR conditions: 94 °C for 2 min, followed by 34 cycles of 94 °C/30's, 55 °C/30 s and
72 °C/30 s and a final extension period of 7 min at 72 °C. #rnL-F was amplified using
the following PCR conditions: 80 °C for 5 min, followed by 34 cycles of 94 °C/1 min,
55 °C/1 min and 72 °C/2 min and a final extension period of 5 min at 72 °C. PCR and
gel electrophoresis were performed following standard protocols with no special condi-
tions. PCR experiments were performed separately with only fresh or only herbarium
material to help prevent cross-contamination.

Table 2. Gene regions used: name of primers, total length of region, % parsimony informative characters.

Gene region Reference Primer names Total aligned length PIC (%)
rbcl Fazekas et al 2008 rbcLE, rbcLR 539 24 (4.5)
trnH-psbA Shaw 2007 psbA, trnH 596 132 (22.1)
3trnl-F Shaw 2005 3’trnLVAE trnF A4 442 65 (14.7)
Combined 1577 221 (14.0)

PCR amplicons were sent to Eurofins Genomics (Louisville, KY) for Sanger se-
quencing. Sequences were edited using Geneious v. 10 (Biomatters Ltd.). Reviewed
sequences were aligned with MUSCLE (Edgar 2004) and concatenated using MES-
QUITE (Maddison 2005).

Phylogeny reconstruction

All phylogenetic analyses were completed using the CIPRES Science Gateway v. 3.3 (Miller
etal. 2010). Prior to the phylogenetic reconstructions, we performed Model Test-NG (Dar-
riba etal. 2020) for the concatenated matrix to determine the suggested model of evolution.

ModelTest-NG indicated that the best fit was the General Time Reversible (GTR) model.
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We performed Maximum Likelihood (ML) phylogeny reconstruction using
GARLI v. 2.01.1067 (Zwickl 2006). We used the default GARLI parameters with
the following exceptions: we performed 1000 search replications (10 iterations of 100
search replicates). In order to better search tree space, we increased the attachments per
taxon setting to 150 and extended the generations without improvement parameter
to 50000. To evaluate support for phylogenetic relationships, statistical bootstrapping
was performed, specifying only one search replicate per bootstrap iteration for 100
iterations. All bootstrap trees were downloaded and used to generate a majority rule
consensus tree in MESQUITE (Maddison 2005). The consensus tree was visualised in
FigTree version 1.4.3 (Rambaut 2014).

We performed Bayesian Inference phylogeny reconstruction in MrBayes 3.2.7a
(Ronquist et al. 2012). The priors were set to the defaults (Dirichlet). We set the
seed number at 123. We conducted two independent Markov Chain Monte Carlo
(MCMQC) runs, each with four chains employing BEAGLE library acceleration (as
recommended by CIPRES). Each MCMC run was set to complete 5 million genera-
tions, with trees sampled every 1,000 generations. The first 25% of trees in each run
were discarded as burn-in. MrBayes then synthesised the two independent runs and
extracted the majority rule consensus tree with posterior probabilities.

Posterior probability and bootstrap values were visualised using FigTree version
1.4.3 (Rambaut 2014) and MESQUITE (Maddison 2005). Posterior probabilities
above 90% and bootstrap support values above 70% were considered significant and
annotated in the final phylogeny.

Results

The most likely tree was generated using 109 specimen accessions. This included seven
outgroup species, three accessions of Emex and 99 accessions of Rumex. The present
phylogeny represents 67 Rumex species, more than twice the number of species of
Rumex sampled in previous phylogenies (31 species in Navajas-Pérez et al. 2005; 13
species in Schuster et al. 2015). A total of 47 sequences were missing from the final
matrix, yielding 14.4% missing data in the final analysis (Grant 2022). Table 2 sum-
marises the variability of each of the gene regions. The most variable region was zrnH-
psbA, which consisted of 22.1% parsimony informative characters. The least variable
region was rbcL which consisted of 4.5% parsimony informative characters.

The most likely tree recovered by GARLI received a likelihood score of
Ln = -5767.548440.

The genus Rumex was recovered as monophyletic with strong support (100
Bayesian Posterior Probability/98 Maximum Likelihood Bootstrap) (Fig. 2). The
analysis did not recover Rumex subgenus Rumex, the subgenus with the most species
diversity, as monophyletic. In our phylogeny, species of subgenus Rumex form a grade
at the base of the tree (“Basal Grade” — Fig. 2). Emex was recovered as monophyletic,
just above the Basal Grade and sister to the dioecious clade. While the results indicate
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Figure 2. Bayesian phylogenetic reconstruction for Rumex species using three chloroplast sequences (rbcL,
trnH-psbA and #rnL-F). Thickened branch indicates simultaneous posterior probability above 90% and
bootstrap support above 70%. Exact support values are indicated at important nodes (Bayesian Posterior
Probability/Maximum Likelihood Bootstrap). Outgroup species (Rheum and Persicaria) are shown in
blue. Rumex species, traditionally placed in subgenus Rumex, are shown in red. Species, traditionally
placed in the sister genus Emex, are shown in black. Rumex species, traditionally placed in subgenus
Acetosa, are shown in gold. Rumex species, traditionally placed in subgenus Platypodium, are shown in
purple. Rumex species, traditionally placed in subgenus Acetosella, are shown in green. The asterisk denotes

the transition to dioecy “Dioecious Clade” referenced in the text.

strong support for the relationship between the known Emex species, E. australis and
E. spinosa (100/98), they are conflicting and show poor support for the placement of
Emex within Rumex. Posterior probability support for the placement of Emex is only
52% and the most likely GARLI tree placed Emex within the Basal Grade of subgenus
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Rumex. Furthermore, different gene regions reconstructed conflicting topologies for
the placement of Emex. The rbcL phlyogeny placed Emex within Rumex subgenus
Rumex (50% bootstrap support). Both #rnh-psbA and #rnl-F placed Emex as sister
to the Rumex genus (trnh-psbA < 50% bootstrap support and zrL-F 91% bootstrap
support) (results not shown).

The remaining taxa, comprising the subgenera Acezosa, Acetosella and Platypodium
form a highly supported (99/80) monophyletic group (Fig. 2). This group is denoted
as “the dioecious clade” because it is here that we see the initial transition to dioecy
of the known dioecious Rumex species resolved in this group. The relationships of the
clades within this group are also well-supported. Our recovered phylogenetic tree did
not recover subgenus Acetosa as monophyletic. Within the dioecious clade, subgenus
Acetosa is comprised of three well-supported, monophyletic groups, Clade 2 (100/97),
Clade 3 (100/78) and Clade 4 (100/97) and is nested below a pair of clades, repre-
sented by subgenus Platypodium (Clade 5) and subgenus Acetosella (Clade 6). The pair
(Platypodium + Acetosella) is also well supported (100/81). Subgenus Platypoidium was
recovered as monophyletic with strong support (100/100) and consists of four acces-
sions of its only circumscribed species: Rumex bucephalophorus. Species in subgenus
Acetosella were recovered together with strong support (100/89), but the inclusion of
Rumex hastatulus means the subgenus was not recovered as monophyletic.

In addition to corresponding largely to the established subgeneric system, the to-
pology also largely corresponds to the diversity of the reproductive and sex chromo-
some systems present in Rumex. Species in subgenus Rumex (Basal Grade) are mostly
hermaphroditic with no documented heteromorphic sex chromosomes. With no doc-
umented heteromorphic sex chromosomes, Emex is also represented as a clade and
consists of purely monoecious species. Subgenus Acetosa consists entirely of dioecious
species, with some members exhibiting the sex chromosome system XX/XYY,. Subge-
nus Platypodium, another hermaphroditic group with no reported sex chromosomes, is
nested between subgenera Acetosa and Acetosella. Subgenus Acetosella consists of species
that are both dioecious and have the sex chromosome system XX/XY.

Discussion

Our results produced a phylogeny of Rumex, with six major clades and one grade,
largely congruent with Rechinger’s subgeneric classification. The placement of Emex
conflicted, based on the molecular markers used. In our phylogeny, it is sister to the
dioecious clade, but without strong support.

Within the phylogeny, the basal grade is mostly made up of species from Rumex
subgenus Rumex. That subgenus Rumex was recovered as a grade rather than a clade
is not surprising given the known extensive hybridisation amongst species of this
subgenus. This phenomenon most certainly contributed to the lack of resolution in
species-level relationships within subgenus Rumex. Additionally, although hybridisa-
tion between species in subgenus Rumex and species in the other subgenera are not
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well documented, it is possible that such hybrids exist and serve to hinder our ability
to distinguish subgenus Rumex as a clade. We suspect that increased taxon sampling
and genetic data, especially from the nuclear genome, will help to resolve relationships
amongst species in subgenus Rumex.

Although dioecious, the species included in Clade 2 and Clade 3 have no reported
heteromorphic sex chromosome systems. The species included in Clade 4 exhibit a
complex sex chromosome system (XX/XY,Y,). This placement suggests that this het-
eromorphic sex chromosome system was derived from dioecious ancestors. The genetic
origin of heteromorphic sex chromosomes in Rumex is beyond the scope of this manu-
script, but this result provides a framework to investigate potentially intermediary taxa
that may contain homomorphic or transitionary sex chromosome systems.

Subgenus Platypodium (Clade 5) was resolved as monophyletic and nested within
“the dioecious clade”. Based on its plant and chromosome morphology, earlier studies
concerning Rumex bucephalophorus have referred to it as the link between subgenus
Rumex, which is predominantly synoecious and subgenus Acetosella, which is predomi-
nantly dioecious (Love 1944). Although morphologically variable, R. bucephalophorus
consistently exhibits a synoecious reproductive system. Its derivation from amongst
the dioecious species in this phylogeny suggests a reversal from a dioecious condition.

Subgenus Acetosella (Clade 6) was not recovered as monophyletic. Known dioecious
species, R. hastatulus, of subgenus Acetosa is nested within subgenus Acetosella. Rumex
hastatulus is documented to exhibit two distinct karyotypes: a complex sex chromosome
system (XX/XY|Y,, North Carolina karyotype) which is characteristic of subgenus
Acetosa and the simple sex chromosome system (XX/XY, Texas karyotype) which is
characteristic of subgenus Acetosella (Navajas-Pérez et al. 2005; Mariotti et al. 2009;
Hough et al. 2014). In addition, Rechinger’s 1937 treatment indicates a polygamous
reproductive system for R. hastatulus (Rechinger 1937). Given the variability found
within this species, R. hastatulus could have been placed in either subgenus (Acetosa
or Acetosella), where species appear to have diversified according to the type of sex
chromosome system they exhibit. This finding suggests the plasticity of reproductive
and sex chromosome systems within Rumex, as a single species can exhibit two
different karyotypes.

One of the striking features of the phylogeny recovered in this study is its
congruence with the taxonomic system established by Rechinger (Rechinger 1933,
1937, 1939, 1949, 1954a, 1954b, 1984, 1990). Rechinger retained the diversity of
species as a single genus, but divided them into four subgenera: Rumex (Lapathum),
Platypodium, Acetosa and Acetosella. Each subgenus is prominently present in the
topology. Subgenus Platypodium is monophyletic. Subgenus Acezosella is monophyletic
even with the inclusion of Rumex hastatulus, whose placement has been ambiguous.
The two largest subgenera, Acetosa and Rumex, were recovered as grades. The grade of
subgenus Acetosa is well-resolved and well-supported. The grade of subgenus Rumex is
both less well-resolved and less well-supported. The recovered topology, nevertheless,
serves to confirm the major relationships amongst species in the genus, relationships
for which Rechinger had proposed using only morphology.
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In all, this work has provided a reconstructed phylogeny that differs from those
currently published (Navajas-Pérez et al. 2005; Schuster et al. 2015) and has tested
the placement and monophyly of its circumscribed subgenera. This work builds on
those previous studies by providing an increased taxon sampling density, which has
resulted in a more comprehensive reconstruction of the evolutionary history of Rumex
and a more thorough examination of the stability of the subgeneric system. This work
has provided an early outline of the evolution of reproductive systems in Rumex,
suggesting an ordered plasticity and transitions from synoecy to dioecy to dioecy
with heteromorphic sex chromosomes. Additionally, this work suggests a possible
reversal from a dioecious condition. Future directions in Rumex research include the
identification and application of nuclear markers that will allow for a more robust
phylogeny, particularly with respect to the placement of Emex. Additionally, future
genomic studies will serve to elucidate the evolution of the sex chromosomes and sex
determining regions in Rumex.
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Appendix Al. List of taxa sampled and vouchers specimens

Abbreviations of herbaria where the voucher is housed are listed after the collection
number. Sequences can be found on the Dryad database: https://doi.org/10.5061/
dryad.69p8cz8zs

For sequences that we did not generate, accession information is given as found
on GenBank.
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GenBank sequences used for this study:
rbclL: Rumex pamiricus Rech. f. — JF944139.1, Rumex sibiricus Hulten-

KC483892.1
trnH-psbA:  Rumex pamiricus- IN047053.1

Table Al. DNA Sequences Generated for this Study.

Scientific name

Voucher

Emex australis Steinh.

Emex spinosa (L.) Campd.

Emex spinosa (L.) Campd.
Persicaria virginiana (L.) Gaertn.
Rheum alexandrae Batalin
Rheum emodii Wall.

Rheum officinale Baill.

Rheum palmatum var. taguticaum L.
Rheum rhabarbarum L.

Rheum nobile Hook. f. & Thomson
Rumex abyssinicus Jacq.

Rumex acetosa L.

Rumex acetosella L.

Rumex acetosella L.

Rumex acetosella 1.

Rumex acetosella L.

Rumex albescens Hillebr.

Rumex albescens Hillebr.

Rumex alpinus L.

Rumex alpinus L.

Rumex altissimus Alph, Wood
Rumex altissimus Alph. Wood

Rumex alveolatus Los.-Losinsk.

Rumex amurensis F. Schmidt ex Maxim.

Rumex aquaticus L.

Rumex arcticus Trautv.
Rumex arifolius All.

Rumex bequaertii De Wild.
Rumex berlandieri Meisn.
Rumex brachypodus Rech. f.
Rumex brasiliensis Link
Rumex brownii Campd.
Rumex brownii Campd.
Rumex bucephalophorus L.
Rumex bucephalophorus L.
Rumex bucephalophorus L.
Rumex bucephalophorus L.
Rumex chrysocarpus Moris
Rumex conglomeratus Murray
Rumex conglomeratus Murray

Rumex conglomeratus Murray

PC. Zietsma 4053, NY
Schuhwerk 90/328, NY
J.M. Burke 302, HUDC
J.M. Burke s.n., BH
Cultivated Material, HUDC
Cultivated Material, HUDC
Cultivated Material, HUDC
Cultivated Material, HUDC
Cultivated Material, HUDC
Pradham 820581, BH
J.M. Burke 251, HUDC
K.D. Grant s.n., HUDC
R. Brand 1336, NY
D.E. Atha 10521, NY
K.D. Grant s.n., HUDC
J.M. Burke 309, HUDC
Lorence 5224, K
Wood 14959, US
Larsen 20708, US
D.E. Atha 5114, NY
Shultz 8717, US
D.E. Atha 10857, NY
Rechinger 48318, US
Barrett Lilan22p
Elias 7251, US
Shetler 4560, US
K. Deguchi 4023, NY
Germishuizen 3447, US
Thieret 17178, US
J.M. Burke 312, HUDC
R. Wasum 1655, NY
Wilson 10250, NY
Wilson 10250, US
Barrett 17RBTAS
J.M. Burke 293, HUDC
J.M. Burke 301, HUDC
J.M. Burke 304, HUDC
D.E. Atha 13012, NY
D.E. Atha 10045, NY
J.M. Burke 271, HUDC
J.M. Burke 298, HUDC
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Voucher

Rumex conglomeratus Murray
Rumex crispus L.

Rumex cuneifolins Campd.
Rumex cyprius Murb.

Rumex densiflorus Osterh.
Rumex dentatus L.

Rumex giganteus Aiton

Rumex giganteus Aiton

Rumex graminifolius Gerogi ex Lamb.
Rumex hastatulus Baldwin
Rumex hastatus D. Don

Rumex hastatus D. Don

Rumex hymenosepalus Torr.
Rumex hymenosepalus Torr.
Rumex induratus Bioss. et Reut.
Rumex induratus Bioss. et Reut.
Rumex induratus Bioss. et Reut.
Rumex intermedius DC.

Rumex japonicus Houtt.

Rumex kerneri Borbds

Rumex lanceolatus Thunb.
Rumex longifolius DC.

Rumex lunaria 1.

Rumex lunaria L.

Rumex lunaria L.

Rumex maritimus L.

Rumex mexicanus Meisn.
Rumex microcarpus Campd.
Rumex nepalensis Spreng,.
Rumex nervosus Vahl

Rumex obtusifolius L.

Rumex obtusifolius L.

Rumex orbiculatus A. Gray
Rumex orbiculatus A. Gray
Rumex pallidus Bigelow

Rumex palustris Sm.

Rumex papilio Coss. & Balansa,
Rumex papilio Coss. & Balansa
Rumex patientia L.
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Rumex pulcher L.

Rumex pulcher L.

Rumex pulcher L.
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J.M. Burke 268, HUDC
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D.G. Kelch 07.328, OSC
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D.E. Atha 10503, NY
MacArthur 1291, US
Barrett s.n.
Cultivated material, HUDC
A. Tiehm 15727, OSC
M.W. Chase 925, K
Barrett s.n.

J.M. Burke 310, HUDC
Rainha 5270, US
Bai-Zhang 4049, US
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H.]. Venter 10295, NY
D. E. Atha 8858, NY
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Barrett 17RLLM1
Barrett 17RLTF1
Shiu Ying Hu 13127, US
D.E. Breedlove 13305, US
Barrett MJ-P40 (Seed)
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J.M. Burke 252, HUDC
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J.M. Burke 270, HUDC
Ruee 43716, US
D.E. Atha et al. 8883/2010, NY
D.E. Atha 13922, NY
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S.L. Jury 13659, K
J.M. Burke 303, HUDC
D.E. Atha 10674, NY
Barrett 17RpCOT3.2
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V. Quipuscoa 1349, NY
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J.M. Burke 295, HUDC
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Barrett 17Rrs3.2
Strobach B55575, US
H.J. Venter 9995, NY
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Rumex scutatus L. Barrett s.n.

Rumex skottsbergii O.Deg. & 1.Deg.
Rumex spiralis Small.

Rumex stenophyllus Ledeb.
Rumex stenophyllus Ledeb.
Rumex tianschanicus Losinsk.
Rumex thyrsiflorus Fingerh.
Rumex thyrsiflorus Fingerh.
Rumex thyrsoides Dest.
Rumex: thyrsoides Desf.
Rumex thyrsoides Desf.
Rumex tuberosus L.

Rumex tuberosus subsp. nov

Rumex usambarensis (Dammer) Dammer

Rumex venosus Pursh.

Rumex vesicarius L.

Degener 35050, US
D.E. Atha 9727, NY
D.E. Atha 11389, NY
R.L. McGregor 40643, OSC
Barrett SH1-A-2007454
Ollegard 261, US
Elias 7282, US
J.M. Burke 305, HUDC
J.M. Burke 313, HUDC
J.M. Burke 307, HUDC
S. Omar et al. 52591, K
J.M. Burke 308, HUDC
Ellemann 889, NY
R.E. Brainerd 428, OSC
Brummit 15271, US
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Abstract

Spiradiclis liboensis L. Wu & W. J. Liu, a new species in tribe Ophiorrhizeac of Rubiaceae from
limestone mountain areas of Guizhou, south-western China, is described and illustrated. It is similar
to S. guangdongensis and S. jingxiensis, but differs from the latter two by the following traits: stipule
triangular, inflorescence sessile or with peduncle up to 0.5 mm long, pedicel 0.8-2.2 mm long, corolla
white, salverform, corolla tube 1.6-2.2 cm long, corolla tube of long-styled morph inside with a villous
ring and stigmas positioned at the throat of the corolla tube. The conservation status is assessed as

“Vulnerable” (VU) according to the IUCN Red List Categories and Criteria.

Keywords
China, limestone, Rubiaceae, Spiradiclis, taxonomy

Introduction

Spiradiclis Blume, a member of the tribe Ophiorrhizeae (Rubiaceae), is a poorly known
and taxonomically complicated genus (Razafimandimbison and Rydin 2019; Tong et
al. 2020; Li et al. 2021). There are approximately 59 species worldwide, of which 52
known species are distributed in southern and south-western China (Deb and Rout
1989; Chen and Taylor 2011; Tong et al. 2020; Wen et al. 2021) and these are one of

Copyright Xiao-Fei Song et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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the most representative herbs in limestone areas in the country (Wang 2002; Chen and
Taylor 2011; Wen et al. 2019; Wu et al. 2019a; Li et al. 2021).

Spiradiclis most closely resembles Ophiorrhiza L. and the two genera are in the
same tribe Ophiorrhizeae, based on morphological characters (Verdcourt 1958; Dar-
win 1976; Lo 1999; Chen and Taylor 2011; Wu et al. 2019b) and molecular evidence
(Bremer and Manen 2000; Bremer 2009; Rydin et al. 2009; Wikstrom et al. 2013).
Even so, the monophyly of the two genera is questioned (Razafimandimbison and
Rydin 2019). However, Spiradiclis is morphologically different from Ophiorrhiza by its
linear-oblong or subglobose capsules with four valves (vs. obcordate and compressed
capsules with two valves) when mature. Since the delimitation and relationship of the
two genera still need further research, we prefer to accept the traditional concept of
Spiradiclis here due to its unique capsule form.

During fieldwork in Libo County, Guizhou Province, Chen Yaping (Kunming
Institute of Botany, Chinese Academy of Sciences) came across a peculiar population
of Spiradiclis in flower on a limestone hill and consulted us for identification. This
population was initially considered to be S. guangdongensis H. S. Lo or S. jingxiensis R.
J. Wang by its creeping habit, small leaves, 1-2-flowered inflorescences and subglobose
capsules. However, after revisiting relevant literature (Lo et al. 1983; Chen and Taylor
2011; Wang et al. 2015; Wen et al. 2015; Wu et al. 2015a, b, 2016, 2019a, b; Pan et
al. 2016, 2019; Wang 2016; Liu et al. 2017; Zhang et al. 2018; Wen et al. 2019; Tong
etal. 2020; Li et al. 2021), as well as specimens, this population could be distinguished
from these two species. Hence, this population is assumed to represent an undescribed
new taxon, which is here described.

Materials and methods

Materials were deposited at the Herbarium of forest plants in the Central South Univer-
sity of Forestry and Technology (CSFI), Guangxi Institute of Botany, Guangxi Zhuang
Autonomous Region and the Chinese Academy of Sciences (IBK), South China Bo-
tanical Garden, Chinese Academy of Sciences (IBSC) (acronyms according to Thiers
2018). Morphological observations and measurements of the new species were based on
living material and specimens. Morphological terms follow Harris and Harris (2001).

Taxonomic treatment

Spiradiclis liboensis L. Wu & W. J. Liu, sp. nov.
urn:lsid:ipni.org:names:77303030-1
Figs 1, 2

Type. Cuina. Guizhou Province: Libo County, Maolan National Nature Reserve,
107°56'E, 22°5'N, alt. 900 m, 9 May 2018 (flower), L. Wu ¢ E L. Chen 6410 (holo-
type: CSFI barcode 069626, isotypes: CSFI, IBK).
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Figure 1. Spiradiclis liboensis L. Wu & W. J. Liu. A habit B leaf blade, adaxial and abaxial views C short-
styled flower D long-styled flower E infructescence F calyx and disc in face view G stipules. Drawn by
X.Y. Zeng.

Diagnosis. The new species is similar to S. guangdongensis and S. jingxiensis, but
differs from the former by the triangular (vs. linear), ca. 0.8 (vs. 1-3.5) mm long stip-
ule, 1.6-2.2 (vs. 0.8-1) cm long corolla tube and stigma and anthers positioned at (vs.
exserted 5 mm above) the throat of the corolla tube in the long-styled form and short-
styled form, respectively, and from the latter by its green (vs. purple) stem, 0.8-2.2 mm
(vs. 3—5 mm) long pedicels, white (vs. pink) corolla with tube ca. 1.2 mm wide at the
lower part, enlarged at the upper part and ca. 4.8 mm wide at the throat (vs. ca. 2 mm).

Description. Perennial herbs, creeping, rooting at most nodes; stems terete, slen-
der, densely pubescent, internodes 1-5 mm long. Petiole 2-9 mm long, sparsely pubes-
cent; leaf blades papery when dry, adaxially green to dark green, abaxially lightly green,
ovate to orbicular, 0.3-1.4 x 0.3-1.2 cm, base truncate to rounded, apex subacute to
obtuse, adaxially sparsely hispidulous, abaxially pubescent along veins; secondary veins
3—4 on each side; stipules triangular, ca. 0.8 mm long, pubescent, usually deciduous.
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Figure 2. Spiradiclis liboensis L. Wu & W. J. Liu. A habitat (the arrow shows the place of growth) B habit
C leaves showing variation range D inflorescence, side view E=F dissected short-styled flower and long-
styled flower showing floral parts G long-styled flower, frontal view H young capsules I discs in face view.
S. jingxiensis ) habit. (Designed by Lei Wu and Xiao-Fei Song).
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Inflorescence terminal, cymose, with 1-2 flowers; peduncle 0—-0.5 mm long; brac-
teoles linear or narrowly triangular, 1-2.3 mm long, puberulent. Flowers distylous,
5-merous; pedicels pubescent, 0.8-2.2 mm long. Calyx pubescent; hypanthium ob-
conical, 1.3—1.6 mm long; lobes linear, 1.3—1.8 mm long, outside puberulent. Corolla
white, salverform, puberulent outside; tube 1.6-2.2 ¢m long, ca. 1.2 mm wide at the
lower part, enlarged at the upper part, ca. 4.8 mm wide at the throat; lobes subovate,
6-9 x 3-6 mm, puberulent inside; stamens 5; anthers linear-oblong, 1.4-1.6 mm
long; stigma bilobed; ovary 2-celled. Long-styled flowers: corolla tube inside with a vil-
lous ring below throat and densely pubescent from the throat to the base of the corolla
lobes; stamens inserted at the middle of the corolla tube; filaments ca. 0.4 mm long;
stigmas positioned at the throat of the corolla tube; lobes elliptic, ca. 1.7 mm long;
styles 1.5-1.8 cm long, glabrous. Short-styled flowers: corolla tube pubescent inside;
stamens positioned at the throat of the corolla tube; filaments ca. 1.5 mm long; stig-
mas inserted slightly above the middle of the corolla tube; stigma lobes lanceolate, ca.
3 mm long; styles 7-9 mm long, glabrous. Capsules subglobose, ca. 2.5 mm in diam.,
pubescent, untwisted valves when mature.

Distribution and habitat. Spiradiclis liboensis is currently only known from lime-
stone hills in the Maolan National Nature Reserve, Libo County, Guizhou Province,
south-western China. It grows on humid slopes or within crevices under the evergreen
broad-leaved forest, at an altitude of 850-950 m. The forest here is dominated by
trees of Fagaceae (e.g. Cyclobalanopsis glauca (Thunb.) Oerst.), Lauraceae (e.g. Phoebe
calcarea S. K. Lee et E N. Wei and Lindera megaphylla Hemsl.) and Sapindaceae (e.g.
Handeliodendron bodinieri (H. Lév.) Rehder).

Phenology. Flowering from May to June, fruiting from June to October.

Etymology. The specific epithet is derived from the type locality, Libo County,
southern China. The Chinese name is given as “7 887 57 (i bo lud xu cdo).

Additional specimens examined (paratypes). CHINA. Guizhou Province: Libo
County, the type locality, 9 May 2019 (fruit), £ C. Chen & Z. B. Xiong CFL5029
(IBSC!), 14 October 2019, E L. Chen 19101401 (CSFI!, IBSC!).

Provisional conservation status. After a series of investigations into limestone areas
of Guizhou Province, five populations of the new species with approximately 60 indi-
viduals at each site have been observed. All the individuals are distributed in Maolan Na-
tional Nature Reserve and the habitats are mostly in good condition, except for the popu-
lation adjacent to a tourism road. Hence, according to the [IUCN Standards and Petitions
Subcommittee (2019) Guidelines, this species is currently evaluated as “Vulnerable’ [VU].

Discussion. Spiradiclis liboensis is morphologically very similar to S. guangdongensis
and S. jingxiensis. According to the classification of Lo (1999), the three species belong
to the subgenus Sinospiradiclis. However, the new species differs from S. guangdongensis
H. S. Lo mainly by its triangular, shorter stipule, much longer corolla tube and stigma
and anthers positioned at the throat of the corolla tube in the long-styled form and
short-styled form, respectively, and from S. jingxiensis R. . Wang mainly by its green
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Table I. Morphological comparison of Spiradiclis guangdongensis, S. jingxiensis and S. liboensis.

Characters Spiradiclis guangdongensis S. jingxiensis S. liboensis
Petioles length 2-6 mm long 0.5-3 mm long 2-9 mm long
Leaf blades orbicular; base rounded, apex oval to ovate; base broadly cuneate ovate to orbicular, base truncate
obtuse, mucronulate or acute to rounded; apex obtuse to acute to rounded
Stipules linear-subulate, 2-3 mm long simple or 2-lobed, lobes linear, triangular, ca. 0.8 mm long
1.5-3.0 mm long
Inflorescence 1-3-flowered, usually one flower 1-2-flowered 1-2-flowered
Peduncle length Sessile 0-5 mm sessile or 0.5 mm
Pedicel length 3-7.5 mm 3-5 mm 0.8-2.2 mm
Corolla white, slender funnelform pink, salverform white, salverform
Corolla tubes 0.8-1 cm long, 0.8-2 mm wide,  1.3-1.9 cm long, ca. 2 mm wide, 1.6-2.2 cm long, ca. 1.2 mm wide at
with almost the same width from  with almost the same width from  lower part, enlarged at upper part, ca.
base to top base to top 4.8 mm wide at the throat
Corolla lobes lobes 4—7 x ca. 3 mm oval, ca. 5.5-6.5 x 2.5-3.0 mm subovate, 6-9 x 3—6 mm
Position of the exserted 5 mm above the throat of  positioned at the throat of corolla  positioned at the throat of corolla tube
stigma and anthers  corolla tube in long-styled form tube in both forms in both forms
and short-styled form, respectively
Styles in short- 6-10 mm long ca. 4.5 mm long 7-9 mm long
styled form
Flowering March to April May to June May to June

stem, shorter pedicels, white corolla with tube ca. 1.2 mm wide at the lower part,
enlarged at the upper part, ca. 4.8 mm wide at the throat. The detailed morphological
comparisons amongst them are listed in Table 1.

Currently, there are nine other species of Spiradiclis with creeping or decumbent
habits and small leaf blades shorter than 3 cm, viz., S. danxiashanensis R. ]J. Wang,
S. glandulosa L. Wu & Q. R. Liu, S. hainanensis, S. lui Liu Yan & L. Wu, S. karstana
L. Wu, X. Li & Q. R. Liu, S. pauciflora L. Wu & Q.R. Liu, S. ubiflora L. Wu, B. M.
Wang & B. Pan, S. pengshuiensis B. Pan & R. J. Wang and S. umbelliformis H. S. Lo
(Chen and Taylor 2011; Wang et al. 2015; Wu et al. 2015a, b, 2019b; Zhang et al.
2018). To better differentiate these species, a key is provided.

Key to the species of Spiradiclis with stems creeping or decumbent and leaf
blades shorter than 3 cm

1 Calyx lobes ca. 4-6 mm long, oblong-lanceolate............ccccccoeuueee. S. glandulosa
—  Calyx lobes shorter than 3.5 mm, linear, triangular or subulate......................... 2
2 Corollas tubular-funnelform with tubes distinctly enlarged.......

—  Corolla funnelform or salverform, usually with a slender tube.......... .3
3 Leaf blades usually shorter than 1.5 cm; inflorescences 1-3-flowered ................ 4
—  Leaf blades usually longer than 1.5 cm (except S. pauciflora); inflorescence many-

flowered (more than 3 HOWELS) .......coouiiiiiiiiiiceeccie et 7
4 Stigmas and anthers distinctly excluded in long-styled and short-styled forms...5
—  Stigmas and anthers included in long-styled and short-styled forms.................. 6

5  Inflorescence 2—3-flowered; corolla tube 1.1-1.5 cm long.... S. danxiashanensis
—  Inflorescence usually 1-flowered; corolla tube 0.8—1 ¢cm long ....S. guangdongensis
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6 Peduncles longer than 5 mm; long-styled corolla inside without a ring of long

REES ettt et e it e e ere e e reeenreeeaeeans 7
—  Inflorescences sessile or peduncles shorter than 5 mm; long-styled corolla inside
with a ring of long hair .........ccocooiiiiii 8
7 Leaf blade usually cordiform-orbicular, base cordulate to truncate....S. hainanensis
—  Leaf blade ovate, base cuneate or broadly cuneate, decurrent..........cccoeeuevrucunne 9

8  Stem green; pedicels 0.8-2.2 mm long; corolla white; corolla tube ca. 1.2 mm
wide at lower part, enlarged at upper part, and ca. 4.8 mm wide at the throat;
styles 7-9 mm long in short-styled form ..........cccoccoeiivinniiiiinnns S. liboensis

—  Stem purple; pedicels 3-5 mm long; corolla pink; corolla tube ca. 2 mm wide,
cylindrical, with almost the same width from base to top; styles 4.5 mm long in

short-styled fOrm........cccovviviiiiiiiiiicccc e S. jingxiensis
9  Stipules shorter than 2 mm, usually deciduous........cccocccvviirniineinncnenne. 10
—  Stipules 5-10 mm long, Persistent .........cccvveiriiiiiiiiiiniiiniiiiecc e 12
10 Corollas funnelform, tubes 7-9 mm long .........cccoovvvrieiiirinininnen. S. pauciflora
—  Corollas salverform, tubes longer than 9 mm .........cccccceiiiiniiiiiiiinicae, 11
11 Secondary veins 5-12 pairs; corolla tube 15-25 mm long with a ring of long hairs
inside in long-styled form ... S. karstana
—  Secondary veins 46 pairs; corolla tube 9-15 cm long without a ring of long hairs
inside in long-styled form ..........ccccceiiininniiiiiiccceee S. pengshuiensis

12 Stems densely multicellular villosulous; bracts shorter than 1 mm.......cccceeveeee.
................................................................................................ S. umbelliformis
—  Stems glabrous; bracts 5.5-8.5 mm long........ccccccviiniiiiiiiiiiiie S. lui
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Abstract

There is only one species of Spongiosarcinopsis in the literature currently. It was found in gray soil in Russia
for the first time. According to molecular data analysis results, the isolated algal strain is most closely
related to Spongiosarcinopsis terrestris. Unlike Spongiosarcinopsis terrestris, the isolated strain was found on
soil surfaces at high altitudes, the young vegetative cell is spherical, vegetative cells are relatively large, and
pyrenoids are generally fewer. In view of such morphological differences, phylogenetic analysis results, and
comparison of ITS2 secondary structure and ultrastructure, the strain isolated in the present study was

proposed to be a novel species.

Keywords
ITS2 secondary structure, new species, phylogenetic analysis, Spongiosarcinopsis

Introduction

Algae exist in almost all terrestrial environments on earth, and always appear on and
below the soil surface (Metting 1981). Since the end of the 19* century, algae have
been recognized as an integral part of the soil microbial community (Starks et al.
1981). Algae that grow on or under soil play important roles in agro-ecosystems and
are indicators of soil quality (Trofim et al. 2013). Soil algae have a positive effect on soil

Copyright Qiufeng Yan et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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formation and stabilization, increasing soil nitrogen content through nitrogen fixation
(Metting 1981; Goyal 1997; Kuzyakhmetov 1998). The soil environment is highly
heterogeneous, which provides diverse habitats for exploitation by microorganisms,
including algae (Trevors and Wellington 1997). Many algae are found in soil habitats,
including Spongiosarcinopsis (Temraleeva et al. 2018; Temraleeva 2019), Chlorococcum
(Nostoch 1842), Hormidium (Kitzing 1843), Tetracystis (Brown and Bold 1964),
Chlorosarcinopsis (Herndon 1958), Protococcus (Agardh 1824), Neochloris (Starr 1955),
and Sphaerocystis (Chodat 1897). In view of the diversity and importance of soil green
algae, it is necessary to classify and identify them accurately.

Spongiosarcinopsis was proposed in 2018, due to its unique morphological char-
acteristics (chloroplasts are spongy, which distinguish it from other genera in the
family) and molecular sequence, it is classified within Protosiphonaceae (Temraleeva
et al. 2018; Temraleeva 2019). Protosiphonales are divided into four groups, out of
which three groups include Stephanosphaeraceae, Chlorococcaceae, and Protoipho-
naceae. Protoiphonaceae (Chlorophyta, Chlorophyceae) are characterized by naked
zoospores, one to several pyrenoids and a starch envelope. In addition, most algae
in the family can produce excessive secondary carotenoids, and most of the algae
turn orange (Temraleeva et al. 2017). Based on a literature review, recent studies
rarely rely exclusively on morphology when classifying species. This is because many
algae exhibit large intraspecific morphological variability, genetically controlled poly-
morphisms, or environment-induced plasticity (Lurling 2003; Logares et al. 2007).
Consequently, more comprehensive taxonomic evidence is required to support the
conclusions of taxonomists, including 18S ribosomal DNA (rDNA) and internal
transcribed spacer (ITS) rRNA molecular markers, which are commonly used in
green algae, in addition to compensatory base pair changes (CBCS), for species dif-
ferentiation (Leliaert et al. 2014).

The aim of the present study was to combine morphological and molecular phylo-
genetic analyses of 185 rDNA and I'TS rRNA sequences, and compare ITS2 secondary
structure and ultrastructure between the two species in the genus Spongiosarcinopsis. A
novel Spongiosarcinopsis sp. was proposed.

Materials and methods

Isolation and culture of algal strains

Collection of algal strains from the surface of loose sandy soil near Qinghai Lake
in September 2020 (37°02'N, 100°44'E, altitude: 3201.8 m). Take an appropriate
amount of soil sample into a 2 ml centrifuge tube, add an appropriate amount of
distilled water, mix well with a vortex shaker, and inoculate an appropriate amount
of suspension with a pipette tip on BG-11 solid medium containing 1.3% agar, and
then use a triangular glass rod coated solid slab (Allen 1968), and then incubated at a
constant temperature of 25 °C under a 12/12-h light/dark cycle until visible colonies
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appeared. Then, the algal colonies were transferred to fresh medium until a pure single
algal culture was obtained. Transfer the single algal culture to a 96-well plate con-
taining BG-11 liquid medium. The algal strains were stored in the freshwater algae
culture bank (Freshwater Algae Culture Collection at the Institute of Hydrobiology)
of Institute of aquatic biology, Chinese Academy of Sciences, China(No. 7, Donghu
South Road, Wuhan, Hubei), under the Accession No. FACHB-(3451). Morpho-
logical observations of native and cultured algal strains were performed using a Leica
DMS5000B microscope, and photomicrographs were obtained using a Leica DFC320
digital camera.

DNA extraction, PCR amplification, sequencing

The pure unialgal cells were disrupted using a beader (3110BX, Biospec Products,
Buttersville, USA) with mini beads. The total DNA was extracted using HP Plant
DNA Kit (Omega Bio-Tek, GA, USA). PCR amplification was performed using 6 uL
of template DNA, 1 pL of each primer, and 42 pL of Master Mix in a 50-uL reac-
tion volume. The 18S rDNA sequences were amplified using the primers 18SR and
18SF (Medlin et al. 1988), and the amplification conditions were as follows: 94 °C for
5 min, followed by 94 °C for 50 s, 55 °C for 50 s, 72 °C for 90 s, and a final extension
at 72 °C for 10 min. The primers used to amplify the ITS sequence were NS7m and
LR1850 (Bhattacharya et al. 1996), and the amplification conditions were as follows:
32 cycles of 94 °C for 5 min, 94 °C for 1 min, 55 °C for 1 min, 72 °C for 2 min, and
a final extension at 72 °Cor 10 min. The PCR products were sequenced by TSINGKE
Biotechnologies (China), and the sequences have been deposited in GenBank (http://
www.ncbi.nlm.nih.gov/) with login numbers OM333733 and OM333734.

Molecular phylogenetic analyses

Based on BLAST search selection as well as possible phylogenetic relationships and
broader green algae, 45 18S rDNA and 19 ITS sequences were downloaded from
GenBank, and preliminarily aligned using MAFFT 7.3 (Standley 2013). Manual
optimization via Seaview (v.5.0) (Gouy et al. 2021). Pairwise distances were plotted
against model-corrected distances using MEGA (v.11.0)(Tamura et al. 2021) to
evaluate mutational saturation of the alignments saturation in the variable positions,
and neither transversion nor transformation reached saturation. Phylogenies were
estimated using maximum likelihood (ML) in PhyloSuite (v.1.2.1) (Zhang et al.
2020) and Bayesian inference in MrBayes (v.3.2.2) (Mishra and Thines 2014). The
best-fit evolutionary model was selected using hiearchial likelihood ratio tests and
Akaike information criterion through Modeltest-NG (Darriba et al. 2020). K2+G+I
and K2+G were found to be the best-fit models for 18S rDNA and ITS, respectively.
For ML analysis, tree search was realized using a heuristic search option with random
addition of sequences (10 replicates) and tree bisection and reconnection branch-
swapping algorithm. Statistical reliability was estimated by Bootstrap analysis with
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1000 replicates of the dataset for ML. Four Markov chains (three heated chains, one
cold chain) were run for Bayesian Markov Chain Monte Carlo analysis for 20 million
generations with tree sampling performed for every 10,000 generations. Stationary
distribution was assumed when the average standard deviation of split frequencies
between the two runs was lower than 0.01. The first 25% of the trees was discarded,
the consensus tree with the remaining samples was constructed, and a posteriori
probability was inferred. The phylogenetic trees were edited using Figtreel.4.3 (http://
tree.bio.ed.ac.uk/software/figtree/).

Comparison of ITS2 secondary structure

Implemented the prediction of ITS2 secondary structure in the ITS2 database (http://
its2.bioapps.biozentrum.uni-wuerzburg.de/). By comparing the secondary structures
of ITS2 of the two algae, the differences in the two structures were analyzed. Cluster W
(Larkin et al. 2007) multiple alignment sequence in 4SALE version 1.7 software was
used to align ITS2 sequence and secondary structure (Seibel et al. 2008). Secondary
structure images edited with Varna v3.1 (Darty et al. 2009).

Results

Spongiosarcinopsis qinghaiensis Q. YAN & G. LIU, sp. nov.

Description. Found on the soil surface around brackish lakes. Unicellular, spherical
(Figs 1, 2), and cell diameter of 6-15 pm. Mature cells often divide into two cells by
means of diads (Fig. 3). Cells contain one net-like chloroplast (Fig. 6), lateral, almost
filling the entire cell at maturity (Figs 2, 8), one nucleus, and one pyrenoid covered by
starch envelope, although not obvious (Figs 7, 8).

The vegetative cell wall is rough and there is an unidentified gelatinous layer out-
side the cell wall (Fig. 9). The pyrenoid is covered with a segmented starch envelope
and penetrated by straight thylakoids (Fig. 10).

Asexual reproduction is achieved through diads or release of aplanospores
(Figs 3-5). Aplanosporangia contain eight to 16 spherical aplanospores, and the release
process can be observed (Figs 4, 5). No sexual reproduction was observed.

Etymology. The species epithet refers to the Holotype locality (Qinghai Province).

Type locality. Qinghai Lake National Nature Reserve (37°02'N, 100°44'E),
Qinghai Province, China; on soil surface.

Iconotype. Fig. 2.

Holotype. QH2015 (HBI), collected by Qiu—Feng Yan and Huan Zhu, 22 Sep-
tember 2020; deposited in the Freshwater Algal Herbarium (HBI), Institute of Hydro-
biology, Chinese Academy of Sciences, Wuhan, Hubei Province, China.

Distribution. At present, the algal isolate is only found in China. It grows on loose
and moist soil surfaces around brackish lakes.
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Figures 1-6. Culture sample morphology of Spongiosarcinopsis qinghaiensis sp. nov.: | the nor-

mal growth state of the algal strain, young cells have a larger protein nucleus 2 mature vegetative cells
3 vegetative cells reproduce through diads 4 aplanosporangia containing aplanospores covered by thin cell
walls 5 aplanospores released from aplanosporangia 6 net-like chloroplast under fluorescence. Scale bar:

10 pm (1-4); 5 pm (5-6).

Authentic culture. Culture strain FACHB-3451 is deposited in the Freshwater
Algae Specimen Station, Institute of Hydrobiology, Chinese Academy of Sciences
(http://algae.ihb.ac.cn/).

Therefore, Spongiosarcinopsis qinghaiensis was found to be different from
Spongiosarcinopsis terrestris, with respect to young cell shape, habitat, size of vegetative
cells, and number of pyrenoids. Registration. http://phycobank.org/103211.

Phylogenetic analyses

The 18S rDNA alignment applied 45 sequences (including 15 Protosiphonaceae se-
quences), which consisted of 1686 sites, out of which 300 (17.8%) and 208 (12.3%)
were variable and parsimony-informative sites, respectively. Nineteen ITS sequences
were used for alignment and 546 sites, out of which 327 (59.9%) and 232 (42.5%)
were variable and parsimony-informative sites, respectively. Table 1 presents detailed
information about the alignment and nucleotide substitution in 18S rDNA and ITS
concatenated phylogenies for molecular phylogenetic analysis.

The phylogenetic tree was constructed using the Bayesian approach based on 18S
rDNA and ITS alignments (Figs 11, 12), with the Bayesian posterior probabilities and
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Figures 7-10. TEM images of Spongiosarcinopsis qinghaiensis sp. nov.: T cells contain one nucleus, one

chloroplast, one pyrenoid covered by starch envelope 8 the starch envelope covering the pyrenoid is not
obvious 9 unidentified gelatinous layer outside the cell wall 10 the pyrenoid is covered by segment-
ed starch envelope and penetrated by straight thylakoids. C = chloroplast, N = nucleus, P = pyrenoid,
SE = starch envelope of the pyrenoid, W = cell wall. Arrows indicate thylakoids penetrating into the pyr-
enoid matrix. Scale bar: 1 pm (7, 8, 10); 500 nm (9).

ML bootstrap support reported. The topology of our 18S rDNA phylogeny (Fig. 11)
is essentially consistent with that reported in previous studies (Temraleeva et al. 2017).
The tree based on 18S rDNA showed a strong Spongiosarcinopsis clade, comprising the
algal strains isolated in the present study; hence, the algal isolates were classified into
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Table I. Detailed information of alignment and nucleotide substitution in 18S and zufA concatenated
phylogenetic for ML analysis.

Dataset 18S ITS
Alignment length 1686 546
Number of sequences 45 19
Parsimony-informative sites 208 232
Invariant sites 1386 219
Best-fit model K2+G+1 K2+G
Base frequency (A/C/G/T) 0.25/0.21/0.28/0.26 0.25/0.26/0.24/0.25
Saturation test (/ss/Iss.c) 0.056<0.836 0.397<0.721

the genus Spongiosarcinopsis (Fig. 11). The tree based on ITS sequences prsesented
the interspecific relationships within the genus Spongiosarcinopsis, and the algal strain
isolated in the present study formed a distinct branch separate from Spongiosarcinopsis
terrestris (Fig. 12).

ITS2 secondary structure

The ITS2 secondary structure was annotated, and two Spongiosarcinopsis strains
were detected (Fig. 13), namely, Spongiosarcinopsis terrestris (MF687232) and
Spongiosarcinopsis ginghaiensis (OM333733). The differences between the two strains
of algae were compared. Three CBCs and four hemi-compensatory base changes
(h-CBCs) were detected between the two strains.

Discussion

Protosiphonaceae used to include Chlorochytrium (Cohn 1872) and Kentrosphaera
(Borzi 1883; Kostikov 2001); however, according to algaebase records, there are only
three genera left in Protosiphonaceae, namely: Spongiosarcinopsis (Temraleeva et al.
2018; Temraleeva 2019), Protosiphon (Klebs 1896), and Urnella (Playfair 1918).
Nakada et al. (2008) includes Protoiphonaceae in Stephanosphaerinia clade, but does
not take into account morphological features. Recently, Protoiphonaceae (Chloro-
phyta, Chlorophyceae) have been reported to be characterized by naked zoospores,
one to several pyrenoids, and a starch envelope; furthermore, most algae in the family
can produce excessive secondary carotenoids, so that the algae turn orange (Tem-
raleeva et al. 2017).

In the present study, a phylogenetic tree constructed using the Bayesian approach
based on 18S rDNA revealed that the algal isolates formed a robust branch and were
closely related to Spongiosarcinopsis terrestris (MF687231) (Fig. 11). Furthermore,
intraspecific, interspecific, and adjacent genera (Protosiphonaceae) showed high
ML support and Bayesian posterior probability. As a boundary, Spongiosarcinopsis is
clearly separated from the adjacent genus to form two distinct clades. Such molecular
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KMO020103 Neospongiococcum gelatinosum
7811.00f JN968580 Chlorococcum sphacosum
AB936286 Chlorococcum elkhartiense
-/0.90 AB983608 Chlorococcum oleofaciens
KM020100 Chlorococcum citriforme
AB983616 Chlorococcum microstigmatum
10011.00f KMO020104 Macrochloris radiosa
KMO020105 Deasonia granata
AB983624 Macrochiloris rubrioleum
KMO020179 Rhopalosolen saccatus
AB983625 Chlamydopodium starrii
M63001 Chlamydopodium vacuolatum

96/1.00 AB983621 Chlorococcum rugostm
M|__[KM020106 Chlorococcum isabeliense
KMO020107 Chlorococcum vacuolatum

99/1.00

100/1.00

99/1.00
89/0.79
-/0.59

84/0.51

KMO020099 Chlorococcum minutum
AB983622 Chlorococcum aquaticum
U70586 Chlorococcum ellipsoideum
HE860251 Neospongiococcum sp.
AB883623 Chlorococcum nivale

-10.54

100/1.00

93/0.63 | 1001.00  AB936280 Deasonia prolifera
KMO020098 Deasonia multinucleata
JNO68582 Tetracystis tetraspora
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Figure I 1. Phylogenetic tree constructed by Bayesian approach based on 18S rDNA sequences. Maxi-
mum likelihood bootstrap values and Bayesian posterior probabilities are given on nodes. Values above
0.50 for BI and 50 for ML are given. The gray part shows the new species of this study.

phylogenetic data support the classification of our novel algal isolate into the genus
Spongiosarcinopsis. The phylogenetic tree constructed using the Bayesian approach
based on ITS sequence showed that S. rerrestris (MF687232) and S. ginghaiensis
(OM333733) formed a clade but are clearly separated, and had high ML support and
Bayesian posterior probability (Fig. 12). The finding was confirmed by the evolutionary
tree developed based on ITS2 secondary structure (Fig. 13).
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Figure 12. Phylogenetic tree constructed by Bayesian approach based on ITS sequences. Maximum
likelihood bootstrap values and Bayesian posterior probabilities are given on nodes. Values above 0.50 for
BI and 50 for ML are given. The gray part shows the new species of this study.

Three CBCs and four h-CBCs were detected between S. terrestris (MF687232) and
S. qinghaiensis (OM333733) based on ITS2 secondary structure analysis. Analysis of
the four main spiral branches revealed that the two strains had varying characteristics
to different degrees. The presence of CBCs is often used as an indicator of isolated
species or genera (Vanormelingen et al. 2007; Bock et al. 2011a, b). The difference
suggests that S. ginghaiensis (OM333733) is unique.

Morphologically, unlike S. zerrestris, the isolated strain was characterized based
on habitat, young vegetative cell shape, size of vegetative cells, and number of
pyrenoids. The thylakoid bundle shape is straight; however, this may not be its
true state, and is not used as a distinguishing feature here. Both algal strains were
found on the soil surface; however, the soil types were different. S. ginghaiensis
was found in loose soil around a brackish lake, whereas S. terrestris was found in
a gray forest soil. Such gaps in geography and habitat may be some of the reasons
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Figure 13. The ITS2 secondary structure between the two strains in Spongiosarcinopsis. The darker the
color, the more significant the variation. Differences between the two species have been indicated by

arrows in the figure, red for CBCs and blue for h-CBCs.

for the unique S. ginghaiensis morphology and phylogeny. To better distinguish
S. qinghaiensis and S. terrestris, their morphological characteristics were compared.
The algal strain isolated in the present study is spherical at the young stage, whereas
S. terrestris is ellipsoidal. Furthermore, S. ginghaiensis has one pyrenoid and a cell
diameter of 6-15 um. In contrast, S. rerrestris has 1-5 pyrenoids and a cell diameter
of 5-10 um. The Spongiosarcinopsis strain isolated in the present study was derived
from the soil surface next to a brackish lake. The extreme environments with a
high altitude (3201.8 m), high salinity, and low temperature suggest that there may
still be numerous undiscovered algal species growing under similar environments.
The molecular data and morphological characteristics support Spongiosarcinopsis
qginghaiensis as a novel species.



A novel terrestrial alga, Spongiosarcinopsis ginghaiensis sp. nov. 93

Conclusions

Based on phylogenetic analysis, ITS2 secondary structure comparison, morphological
characteristics, and ultrastructure, Spongiosarcinopsis qinghaiensis is proposed as a novel
Spongiosarcinopsis sp. Algal strains in highland areas are often not readily observed,
which may lead to algal diversity being partially overlooked, so that more research
should be undertaken.
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Abstract

A new freshwater diatom species, Achnanthidium kangdingnese Yu, You & Wang, sp. nov. from Sichuan
Province, China, is described. The morphology of this species was analyzed with scanning electron mi-
croscopy (SEM) and light microscopy (LM). A. kangdingnese belongs to the A. initium-like subgroup,
which has external distal raphe ends curved in opposite directions of the valve. The main characteristics of
A. kangdingnese are its linear shape, rounded apices and transpically-elongated areolae on the both valves.
The central area is well defined with one or two spaced striae of the raphe valve. And on the internal valve,
areolae are occluded by hymens perforated by delicate slits, and each hymen is closely joined with the ad-
jacent hymen. We compared the new species with other similar species of Achnanthidium, A. kangdingnese
is considered to be sufficiently different from other similar species based on valve outline, shape of the
axial and center areas, and striae density. The new species is known only from its type locality, a mountain

lake in Kangding County.

Keywords

Diatom, morphology, Mugecuo Lake, new species, taxonomy

Introduction

The genus Achnanthidium Kiitzing was initially described by Kiitzing (1844) as a
subgenus of Achnanthes Bory de Saint-Vincent (1822), with A. microcephalum Kiitz-
ing (Kiitzing 1844) as the type of species (Péres et al. 2014). Achnanthidium was
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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re-established by Round et al. (1990) and redefined by Round and Bukhtiyarova
(1996). The number of species in Achnanthidium now exceeds 200 (Kociolek et al.
2018; You et al. 2021; Yu et al. 2022). Based on the characteristics of distal raphe ends,
and valve and areolar shapes, the species of this genus have been divided into three
major subgroups. The species of the A. minutissimum complex have straight external
distal raphe ends and linear to linear-lanceolate valve shapes. Species in the A. pyrenai-
cum complex have external distal raphe ends that are deflected to one side and slit-like
areolar openings. Members of the A. exiguum complex have external distal raphe ends
curved in opposite directions (Yu et al. 2018, 2019a; Miao et al. 2020; Tseplik et al.
2021; Yu et al. 2022). A. exiguum and its relatives have since been segregated into the
genus of Gogorevia Kulikovskiy, Glushchenko, Maltsev and Kociolek (Kulikovskiy et
al. 2020). Karthick et al. (2017) also proposed the A. initium-like subgroup based on
the external distal raphe ends which curve in opposite directions. At present, only four
species belong to this latter group, including A. contrarea (Lange-Bertalot and Stein-
dorf) H. Lange-Bertalot (Moser et al. 1998), A. peridotiticum (Moser, Lange-Bertalot
and Metzeltin) H. Lange-Bertalot (Moser et al. 1998), A. indicatrix (Lange-Bertalot
and Steindorf) H. Lange-Bertalot (Moser et al. 1998), and A. initium Karthick, ].C.
Taylor and P.B. Hamilton (Karthick et al. 2017).

Members of Achnanthidium have long been considered to belong to the family
Achnanthaceae. In China, 48 species of Achnanthidium have been reported compared
to 155 taxa of Achnanthes (Liu et al. 2021), including 11 new Achnanthes species (Hus-
tedt 1922; Jao 1964; Jao et al. 1974; Qi and Xie 1984; Zhu and Chen 1994, 1996;
Kociolek et al. 2020; Liu et al. 2021). It is possible these species could belong to
Achnanthidium, but the lack of the type material makes it difficult to confirm their
taxonomic position. It is therefore necessary to collect samples from the type locality
for taxonomic clarification. From 2001 to 2022, 17 new Achnanthidium species were
described from China (Liu et al. 2016; Yu et al. 2018, 2019a, b, 2022; You et al. 2019,
2021; Liu et al. 2021; Ge et al. 2022). In the present study, we described a new fresh-
water diatom species, Achnanthidium kangdingnese from Mugecuo Lake in Kangding
County, Sichuan Province, China. We documented its valve morphology with a light
microscope (LM) and scanning electron microscopy (SEM), and compared its mor-
phological characters with similar species.

Materials and methods

Four diatom samples were collected from Mugecuo Lake in August, 2015. The new
species was only found in one sample (MGC201508036) (30°08'43"N, 101°51'35"E).
Mugecuo Lake is located at an altitude of 3780 m in Kangding County, Sichuan Prov-
ince, China in the northern Hengduan Mountains between the Sichuan Basin and the
Qinghai-Tibet Plateau (Chen et al. 2013). Several water chemistry characteristics were
also recorded, including: pH, temperature and conductivity. These were all measured
using a YSIPro Plus multiparameter meter (YSI, Ohio, USA). Diatom samples were
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collected from natural substrates by brushing them off with clean toothbrushes. Samples
were placed in sample bottles and preserved with formalin (4% final concentration).

In the laboratory, diatom samples (10 mL) were cleaned with concentrated nitric
acid (10 mL) using the Microwave Accelerated Reaction System (Model MARS, CEM
Corporation, Charlotte, USA) (Parr et al. 2004), with a pre-programmed digestion
scheme (temperature, 180 °C) (Yu et al. 2019a). Next, samples were alternately cen-
trifuged for 8 min at 3000 rpm (TDZ5-WS, Luyi Corporation, Shanghai, China) and
washed five times using distilled water. The resulting diatom samples were preserved
with 95% ethanol. Permanent diatom slides were made with Naphrax (Brunel Micro-
scopes Ltd, Chippenham Wiltshire, U.K) for light microscopy (LM), and the cleaned
diatom samples were air-dried onto cover slips and mounted onto alloy stubs for ob-
servation with the scanning electron microscope (SEM). LM studies were made with a
ZEISS AXIO Imager A2 microscope fitted with DIC optics and at 1000x magnifica-
tion (1.4 numerical aperture). SEM examination was made using a SU8010 (Hitachi
High-Technologies Corp., Tokyo, Japan) at 2 kV, and at a working distance of less than
6 mm. Images were compiled with Adobe Photoshop CS6 (Adobe Systems Inc., San
Jose, C.A., U.S.A.). Morphological terminology follows Round et al. (1990). All of the
diatom samples and permanent slides are housed in the Biology Department Diatom
Herbarium, Shanghai Normal University (SHTU).

Results

Achnanthidium kangdingnese P. Yu, Q.M. You & Q.X. Wang, sp. nov.
Figs 1-5

Description. LM observations (Fig. 1A-AD), valves are linear in shape, with rounded
apices. Some individuals were slightly constricted in the middle. Valve length 10.8—
23.5 um, breadth 3.8-4.0 pm (n = 200). On both valves striae are radiate throughout,
and striae count cannot be performed with LM. Raphe valve is concave, with a narrow,
linear axial area slightly expanded near the center. The central area is well defined with
one or two spaced striae. Rapheless valve is convex, with a narrow linear axial area weak-
ly expanded at the middle portion of the valve. The central area is a small oval or absent.

SEM observations (Figs 2-5), both valves have a narrow hyaline area at the valve
face-mantle junction (Figs 2A, B, 4A, B). Raphe valve: Externally, the raphe is fili-
form and straight (Fig. 2A, B), distal raphe ends are deflected in opposite directions
(Fig. 2 A-D), and proximal raphe ends are straight and teardrop-shaped (Fig. 2A, B,
E). The number of striae is 34—36 in 10 um at the middle portion, and 33-38 in 10
pm near the apices (Figs 2A, B; 3A). Areolae are round or oval. The uniseriate striae are
composed of 4-7 areolae in the middle portion of the valve (Fig. 2A, B, E), and 1-7
areolae at the apex (Fig. 2 A-D). Valve mantle with a single row of linear areolae extend
around the apices with a small interruption at the ends (Fig. 2A, C-E). Internally, the
thickening widens at the end (Fig. 3A, C), and the raphe terminates in raised helic-
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Figure 2. A—E Achnanthidium kangdingnese sp. nov. SEM external views of raphe valve A, B entire raphe

valve €, D valve apex, showing the distal raphe ends E central area of the valve, showing the proximal
raphe ends. Scale bars: 2 pm (A, B); 1 um (C, D); 0.5 um (E).
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Figure 3. A-E Achnanthidium kangdingnese sp. nov. SEM internal views of raphe valve A, B entire
raphe valve € valve apex, showing the distal raphe ends E central area of the valve, showing the proximal

raphe ends D internal areola occluded with fine hymenate structures. Scale bars: 2 um (A, B); 1 pm (C);
0.5 um (E); 0.2 pm (D).

toglossae close to the apices (Fig. 3A—C). Proximal raphe ends are distinctly deflected
in opposite directions (Fig. 3B, E). Areolae are transapically elongated in throughout
valve (Fig. 3C, E). Areolae are occluded by hymene perforated by delicate slits, and
each hymen is closely joined with the adjacent hymen (Fig. 3D).

Rapheless valve: the single row of pores on the mantle is continuous (Figs 4A-C, 5A,
C). Externally, the axial area is linear and weakly expanded in the central area (Fig. 4A, B).
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Figure 4. A-D Achnanthidium kangdingnese sp. nov. SEM external views of rapheless valve A, B entire
raphe valve C valve apex D central area of the valve. Scale bars: 2 um (A, B); 1 pm (C); 0.5 pm (D).

On some valves, there are two slit-like areolae oriented longitudinally in the middle re-
gion of the axial area (Fig. 4B). Striae are uniseriate, comprised of 3—6 round or transapi-
cally oriented areolae in the central area (Fig. 4A, B, D), and 1-5 round or oblong areolae
at the apices (Fig. 4A—C). A row of slit-like areolae is present on the mantle (Fig. 4A, B).
Internally, the axial area is slightly raised (Fig. 5A). Areolae are transapically oval in the
valve (Fig. 5B, C). The number of striae is 34—38 in 10 pm in the center, and 38—40 in
10 pum near the apices (Figs 4A, B; 5A). Areolae are occluded by hymens perforated by
delicate slits, and each hymen is closely joined with an adjacent hymen (Fig. 5B, C).
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Figure 5. A—-C Achnanthidium kangdingnese sp. nov., SEM internal views of rapheless valve A entire

raphe valve B central area of the valve C valve apex. Scale bars: 2 um (A); 0.5 pm (B, C).

Holotype (designated here). SHTU! Slide MGC201508036 in Lab of Algae and
Environment, College of Life Sciences, Shanghai Normal University, Shanghai, China.
Holotype illustrated in Fig 1D, R.

Typelocality. Caina. Mugecuo lake, Sichuan Province, 30°08'43"N, 101°51'35"E,
alticude: 3780 m, leg. Quanxi Wang in August 2015.

Etymology. The species so named refers to Kangding County where the holotype
was collected.

Ecology. Periphytic diatom samples collected in Mugecuo Lake (MGC201508036),
pH 7.8, water temperature 12.5 °C, Conductivity 35 ps.cm™). The sample of this new
species occurred at less than 2% relative abundance (total counted 400 valves). There are
5 species that accounted for more than 5% of sample MGC201508036: Pantocsekiella
ocellata (Pantocsek) K. T. Kiss & E. Acs (Acs et al. 2016) (47.5%), Brachysira blancheana
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H. Lange-Bertalot & G. Moser (Lange-Bertalot and Moser 1994) (9.6%), Encyonema
silesiacum (Bleisch) D.G. Mann (Round et al. 1990) (7.3%), Staurosira pseudoconstru-
ens (Marciniak) H. Lange-Bertalot (Krammer and Lange-Bertalot 2000) (7.1%), and
Nitzschia frustulum (Kiitzing) A. Grunow (Cleve and Grunow 1880) (5.2%).
Distribution. The new species is known only from the type locality.

Discussion

Achnanthidium kangdingnese sp. nov. possesses features characteristic of the genus
Achnanthidium. These characteristics include a linear shape, with rounded apices, uni-
seriate striae, transpically-elongated areolae on the both valves, fine raphe, and deflected
external distal raphe fissures (Ponader and Potapova 2007). The deflected external distal
raphe fissures support its inclusion in the A. initium-like group (Karthick et al. 2017).
Achnanthidium kangdingnese can be compared with several conspecific repre-
sentatives within the genus based on the outline and structure of the valve. Simi-
lar species used for comparison include A. contrarea, A. peridotiticum, A. indicatrix,
and A. initium (Table 1). In terms of features viewed in the LM, the outline of the
valves of A. kangdingnese are linear with rounded apices, while those of A. contrarea
were expanded linear to linear-elliptical with broad capitate apices, A. peridotiti-
cum and A. indicatrix are linear to linear-elliptical with rounded capitate apices. The
valves of A. kangdingnese are shorter (10.8-23.5 pm) than the valves of A. contrarea
(15 to 37.0 um) and A. indicatrix (20.0-35.0 um). The valves of A. kangdingnese are
wider (3.8-4.0 um) than the valves of A. initium (3.1-3.6 pm), and narrower than
A. contrarea (6.0-8.0 um) and A. indicatrix (5.0-7.5 pm). A. kangdingnese also has
a small oval or absent central area, but A. peridotiticum and A. indicatrix possess a
rhombic-shaped central area, A. contrarea has a rhombic to rectangular central area,
and A. initium has an asymmetrical transverse central area. Additionally, the density of
striae of A. kangdingnese is higher on both valves than in A. contrarea (28-32 in 10 um
on both valves), A. peridotiticum (-30 in 10 um on both valves), A. indicatrix (24-27
in 10 pm on the raphe valve, 25-30 in 10 pm on the rapheless valve), and A. initium
(29-34 in 10 pm on the raphe valve, 32-35 in 10 um on the rapheless valve).
Achnanthidium kangdingnese is easily separated from A. minutissimum complex
and A. pyrenaicum complex species in this genus by having external distal raphe ends
curved in opposite directions of the valve. In contrast to other Achnanthidium species,
in an internal view, the areolae of A. kangdingnese are occluded by hymens, and each
hymen closely joins with the adjacent hymen on the both valves (Figs 3C-E, 5A-C).
Achnanthidium kangdingnese has only been found on stones in Mugecuo Lake. This
lake has a slightly alkaline pH (7.8) and low conductivity (35 ps.cm™). Among the four
samples taken from Mugecuo Lake, A. kangdingnese was found, in low numbers, only
in one sample. At the type locality, other monoraphid species co-occur with these new
species. The co-occurring monoraphid taxa include A. pyrenaicum (Hustedt) P. Kobayasi
(Kobayashi 1997), A. rivulare M.G. Potapova and K.C. Ponader (Potapova and Ponader
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Table I. Comparison of morphological characteristics of Achnanthidium kangdingnese sp. nov. and close-

ly related taxa.

Species/Feature | A.kangdingnese | A. contrarea | A. peridotiti A. indicatrix A. initium
sp. nov. (Lange-Bertalot | (Moser, Lange- | (Lange-Bertalot | Karthick, Taylor
& Steindorf) Bertalot & & Steindorf) & Hamilton
Lange-Bertalot Metzeltin) Lange-Bertalot
Lange-Bertalot
Valve length (um) 10.8-23.5 15.0-37.0 15.0-27.0 20.0-35.0 11.0-25.5
Valve width (um) 3.8-4.0 6.0-8.0 3.5-4.8 5.0-7.5 3.1-3.6
Valve outline Linear Expanded linear | Linear to linear- | Expanded linear | Linear-lanceolate
to linear- elliptical elliptical to linear- elliptical | to lanceolate
Valve apices Rounded Broad capitate | Rounded capitate | Rounded capitate Rounded to
weakly rostrate
rounded
Raphe valve
Axial area Linear Linear, linear- | Linear-lanceolate Linear Narrow linear
lanceolate
Central area Small oval or Rhombic to Rhombic Small, rhombic Asymmetrical
absent rectangular transverse

Raphe

Distal fissures
deflected

to opposite

Distal fissures are
hooked towards
the opposite side

Distal fissures are
strongly hooked
towards the

Distal fissures are
strongly hooked
towards the

Distal fissures are
strongly hooked
towards the

directions opposite side opposite side opposite side
Density of striae | 34-36 (middle), 28-32 -30 24-27 29-34
(10 pm) 33-38 (apices)
Number of 4-7 (middle), 1-7 | 1-5 (middle), 1-4 No data 5-6 (middle), 1-5|2-5 (middle), 1-4
areolae per stria (apices) (apices) (apices) (apices)
Rapheless valve
Axial area Narrow, linear Lanceolate Linear Linear Narrow linear
Central area Absent Absent Absent Absent Absent or weakly
elliptical
Density of striae | 34-38 (middle), 28-32 ~30 25-30 32-35
(10 pm) 38-40 (apices)
Number of 3—6 (middle), 1-5|1-2 (middle), 1-3 No data No data 4-5 (middle), 1-3
areolae per stria (apices) (apices) (apices)
References Current study Moser et al. Moser et al. Moser et al. Karthick et al
(1998) (1998) (1998) (2017)

2004), A. minutissimum (Kitzing) D.B. Czarnecki (Czarnecki 1994), and Eucocconeis
laevis (Ostrup) H. Lange-Bertalot (Lange-Bertalot and Genkal 1999). Further studies
are needed to clarify the relationship between diatom diversity and ecology in this region.
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Abstract

Pilea danxiaensis LEFu, A.K.Monro & Y.G.Wei, a new species of Urticaceae from Danxia landform,
Guangdong, China, is described and photographed. Phylogenetic analyses based on three DNA regions
(ITS, trnL-F and rbcL) suggest that the new species belongs to P. sect. Pilea. Within the section, the new
species is morphologically most similar to P sinocrassifolia and P peploides. Plastid genome and riboso-
mal DNA (tDNA) sequences of the new species are assembled and annotated. The plastid genome is
151,857 bp in length and comprises two inverted repeats (IRs) of 25,307 bp separated by a large single-
copy of 82,836 bp and a small single-copy of 18,407 bp. A total of 113 functional genes are recovered,
comprising 79 protein-coding genes, 30 tRNA genes, and four rRNA genes. A global conservation assess-
ment suggests that P2 danxiaensis should be classified as of Least Concern (LC).
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Introduction

Pilea LindL. is the largest genus in the Urticaceae that comprises ca 715 species world-
wide (Monro 2004; Fu et al. 2022). Pilea has a pantropical and subtropical distribu-
tion with the exception of Australia and New Zealand and is characterized by succulent
herbs, shrubs and epiphytes and many point-endemic species. Outside the Neotrop-
ics, Indomalaya is the main center of diversification for Pilea (Monro 2006; Fu et al.
2022). Within Indomalaya, China contains more than 90 species (Chen and Monro
2003, Chen et al. 2007; Monro et al. 2012; Wang 2014, 2016; Fu et al. 2017; Yang
et al. 2018).

A recent systematic study has demonstrated that Pilea is monophyletic after the
exclusion of species of Achudemia and Lecanthus (Fu et al. 2022). The newly circum-
scribed genus has been classified into eight sections: Pilea sect. Tetraphyllae Y.G.Wei
& A.K.Monro, sect. Trimeris Y.G.Wei & A.K.Monro, sect. Lecanthoides C.J.Chen,
sect. Angulatae L.EFu & Y.G.Wei, sect. Tetrameris C.].Chen, sect. Verrucosae L.EFu &
Y.G.Wei, sect. Plataniflorae L.EFu & Y.G.Wei and sect. Pilea (Fu et al. 2022). These
sections can be delimited by leaf margin morphology, stipule length, inflorescence ar-
chitecture, flower sepal number and achene ornamentation (Fu et al. 2022).

While conducting field investigations into the Danxia flora of Guangdong, China,
we encountered an unknown species of Pilea with 3-parted female flowers, 4-parted
male flowers, short stipules (<10 mm), entire leaf margins and ornamented or rarely
smooth achenes that placed it within Pilea sect. Plataniflorae or sect. Pilea (Fu et al.
2022). After a thorough literature survey and review of herbarium specimens at IBK,
IBSC, K, PE and SYS, along with molecular studies, we confirmed that this plant was
a hitherto undescribed species of Pilea sect. Pilea.

Materials and methods

Morphological observations and conservation assessment

All morphological characters were observed from field and herbarium specimens using
an Olympus SZX16 binocular microscope (Japan). For achene morphology, we also
undertook scanning electron micrograph (SEM) observations. Achene materials were
collected from specimens, dried, and mounted using double-sided adhesive tape and
coated with gold using a sputter coater. The materials were then observed and pho-
tographed under a ZEISS EVO18 scanning electron microscope. At least ten achenes
were used to determine their size and surface ornamentation.

A species conservation assessment was undertaken for the new species described
here using IUCN criteria (IUCN 2019). Calculations of the extent of occurrence
(EOO) and area of occupation (AOQO) were undertaken using the online conservation
assessment tool GeoCATAT (Bachman et al. 2011). The AOO was calculated using a
cell width of 2 km as recommended by IUCN (2019).
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Genomic DNA extraction and sequencing

Leaf material for DNA extraction was dried using silica gel (Chase and Hills 1991).
Genomic DNA was extracted using a modified CTAB protocol (Chen et al. 2014).
The total gDNA sample was sent to Majorbio (http://www.majorbio.com/, China)
for library construction and next-generation sequencing. Short-insert (350 bp) paired-
end read libraries preparation and 2 x 150 bp sequencing were performed on an Il-
lumina (HiSeq4000) genome analyzer platform. Approximately 2 Gb of raw data for
the new species was filtered using the FASTX-Toolkit to obtain high-quality clean data
by removing adaptors and low-quality reads (http://hannonlab.cshl.edu/fastx_toolkit/
download.html).

Plastid genome and ribosomal DNA (rDNA) assembly and annotation

Clean reads were paired and imported in Geneious Prime (Kearse et al. 2012). For
plastid genome assembly, the clean reads were mapped to published plastid genome
sequence as reference (Fu et al. 2019) using the Fine Tuning option in Geneious Prime
(iterating set as 10 times) to exclude nuclear and mitochondrial reads. Then, de novo
assembly was performed using Geneious Prime with a medium-low sensitivity setting
to assemble plastid genome sequence. The generated contigs were mapped by the clean
reads using the Fine Tuning option in Geneious Prime (iterating set as 10 times) to fill
gaps. Contigs were able to be concatenated using the Repeat Finder option implemented
in Geneious Prime until a ~-130 kb contig (including SSC, IR and LSC) being built. The
Inverted repeat (IR) region was determined by the Repeat Finder option in Geneious
Prime and was reverse copied to obtain the complete plastid genome. The annotation
approach of the assembled plastid genome was performed using CPGAVAS2 and PGA
(Qu etal. 2019; Shi et al. 2019). The process of rDNA assembly is similar to the above
with the exception of different reference (Fu et al. 2021) and iterating as none. The an-
notation approach of IDNA was performed using Annotate option in Geneious Prime.

Phylogenetic analyses

We generated a phylogeny using sequences data from previous phylogenies of Pilea s.l.
(Fu et al. 2022). We extracted three DNA regions (ITS, #rnL-F and rbcL) from assem-
bled rDNA and complete plastid genome sequences, respectively, of the new species
and downloaded all sequences data used in Fu et al. (2022) from GenBank (details
see Suppl. material 1). This resulted in 145 accessions representing 131 taxa in total,
112 taxa of which belong to Pilea s.l. as in-group, and 21 species of which belong to
Elatostema s.1., other tribes of Urticaceae, Moraceae and Cannabaceae, as out-group
(Appendix 1). Three datasets (ITS, #7nL-F and rbcL) were aligned independently us-
ing multiple alignment using fast Fourier transform (MAFFT) version 7.0 (Katoh and
Standley 2013) with default settings, followed by manual adjustment. As there was no
incongruence that affected the topology of the ingroup taxa as described in Fu et al.
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(2022), phylogenies were reconstructed based on the combined dataset using Maxi-
mum Likelihood (ML) and Bayesian inference (BI). The BI and ML analyses were

performed following Fu et al. (2022).

Results

Characteristics of the complete plastid genome and ribosomal DNA

The complete plastid genome and ribosomal DNA (rDNA) sequences of Pilea
danxiaensis comprised 151,857 bp (Fig. 1) and 5,788 bp, respectively. The characteristics
and statistics of plastid genome are summarized in Tables 1 and 2.
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Figure . Plastid genome map of Pilea danxiaensis. The thick lines on the outer complete circle identify the

inverted repeat regions (IRa and IRD). The innermost track of the plastome shows the GC content. Genes

on the outside and inside of the map are transcribed in clockwise and counter directions, respectively.
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Table I. Summary of whole plastid genome of Pilea danxiaensis.

Characteristic Pilea danxiaensis

Size (bp) 151,857
LSC length (bp) 82,836
SSC length (bp) 18,407
IR length (bp) 25,307
Number of genes 113
Protein-coding genes 79
rRNA genes 4
tRNA genes 30
LSC GC% 34.30%
SSC GC% 30.70%
IR GC% 42.80%
Table 2. Genes encoded in plastid genome of Pilea danxiaensis.

Group of genes Gene name

tRNA genes

rRNA genes

Ribosomal small subunit
Ribosomal large subunit
DNA-dependent RNA poly merase
Photosystem I

Photosystem II

Large subunit of rubisco

NADH dehydrogenase
Cytochrome b/f complex

ATP synthase

Maturase

Subunit of acetyl-CoA carboxylase
Envelope membrane protein
Protease

Translational initiation factor
C-type cytochrome synthesis
Conserved open reading frames

trnA-UGC (x2), trnC-GCA, trnD-GUC, trnE-UUC, trunF-GAA, trnfM-CAU, trnG-GCC, trnG-UCC,
trnH-GUG, trnl-CAU (x2), trul-GAU (x2), trnK-UUU, trnl-CAA (x2), trnl-UAA, trnl-UAG,
rnM-CAU, rnN-GUU (x2), trnP-UGG, trnQ-UUG, trnR-ACG (x2), trnR-UCU, trnS-GCU, trnS-
GGA, trnS-UGA, trn -GGU, trn -UGU, trnV-GAC (x2), trnV-UAC, trnW-CCA, trnY-GUA
1ml6 (x2), rrn23 (x2), rm4.5 (x2), rm5 (x2)
1ps16%, 1ps2, rps14, rpsd, rps18, rps12** (x2), rpsl 1, 1ps8, 1ps3, 1psl9, rps7 (x2), rpsl5
P33, 1pl20, 1p136, 1pl14, 1pl16%, 1p22, 1pl2* (x2), 1pl23 (x2), 1pl32
poC2, 1poCI*, rpoB, rpoA
psaB, psad, psal, psaf, psaC
psbA, psbK; psbl, psbM, psbC, psbZ, psbG, psb], psbL, psbE psbE, psbB, psbT; psbN, psbH
rbel
ndh], ndhK, ndhC, ndhB* (x2), ndhE ndhD, ndhE, ndhG, ndhl, ndhA* ndhH
petN, petA, petl, perG, petB*, perD*
atpA, atpF*, appH, atpl, apE, atpB
matK (The matK is localized between the exons coding for the #nK-UUU)

accD

cemA

CZP[)**

infA

ccsA

235 vt yef2 (x2), yefl, yefl5 (x2)

Note: Genes with one or two introns are indicated by one (*) or two asterisks (**), respectively. Genes in the IR regions are followed

by the (x 2) symbol.

Table 3. Statistics for the molecular datasets used in this study.

Number of Aligned length (bp) Variable characters (bp) Parsimony information characters (bp)  Model used
sequences
ITS 142 528 419 339 -
trnL-F 139 677 667 38 -
rbcL 84 637 318 315 -
Combined 142 1,842 1,404 692 GTR+GAMMA

Phylogenetic reconstruction

The characteristics and statistics of the datasets used in this study are summarized in
Table 3. ML and BI analyses of dataset of three DNA regions (ITS, #nL-F and rbcL)
resulted in the same tree topologies that both indicate the new species recovering in the
clade C8a of Pilea (PP = 1, BS = 100%) (Fig. 2).



114 Long-Fei Fu etal. / PhytoKeys 204: 109-119 (2022)

= Lecanthus
T.0/87 )
T Achudemia
Pilea tetraphylla §Tetraphyllae
1.0/58 To75% §Trimeris

o
c
[}
IS
c
]
@

I—I e ] e

1.0/90

’7 Pilea nonggangensis

§Lecanthoides

1.0/98

§Tetrameris

0.86/

0.81/65

T §Angulatae

T §Verrucosae

§Plataniflorae

1.0/90
1.0/95

*
&
-~ 8
EE%EEE
P = I

————— Pilea danxiaensis

1.0/54| 1 Pilea peltata

Pilea paniculigeta

I: Pilea swinglei

C8al Pilea peploides var. major
* |: Pilea lapestris

Pilea peploides
Pilea cavaleriei
Pilea sinocrassifolia XNY206
Pilea sinocrassifolia J264
Pilea unciformis
Pilea penninervis
Pilea racemiformis

§Pilea
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Taxonomic treatment

Pilea danxiaensis L.F.Fu, A.K.Monro & Y.G.Wei, sp. nov.
urn:lsid:ipni.org:names:77303547-1
Fig. 3

Type. CuiNa. Guangdong: Danxiashan National Park, Renhua County, Shaoguan
City, 25.020°N, 113.752°E (WGS84), elev. 134 m, 2 April 2022, Liao Wen-Bo, Fan
Qiang and Liao Li-Juan DNPC1728 (holotype IBK; isotypes IBK, SYS).
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Diagnosis. Most similar to Pilea sinocrassifolia C.]J.Chen from which it can be dis-
tinguished by the longer stipule (1.3—-1.5 mm versus 1 mm), petiole (2-8 mm versus
0.2-0.6 mm) and staminate peduncle (8-25 mm versus 1.5-7 mm).

Description. Herbs prostrate, stem 30—200 x 1 mm, light green when fresh, drying
yellowish-brown, glabrous, succulent, cystoliths fusiform, 0.2—-0.4 mm long. Stipules,
1.3-1.5 x 1.7-2.1 mm, reniform, drying brown, papery, with dense cystoliths. Leaves
petiolate, distichous, clustered towards the stem apex; petioles 2-8 mm long, glabrous,
cystoliths densely scattered; laminae at each node equal or subequal, 3-15 x 5-20 mm,
length: width ratio 0.7-0.9:1, suborbicular to broadly ovate, succulent, papery when
dry; adaxial surface drying grey-green, dark green when fresh, glabrous, with cystoliths
densely scattered, ¢z 0.3 mm, linear or fusiform; abaxial surface drying light green,
green when fresh, glabrous, rugose when dry, 3-veined, secondary veins 3—6 pairs,
borne at 45-60° to the midrib, with cystoliths sparsely scattered, cz 0.3 mm, linear
or fusiform; apex obtuse or subretuse, base cuneate, rounded or subtruncate, margin
entire and revolute. Inflorescences in upper nodes, appearing terminal, monoecious.
Staminate inflorescences 10-30 mm, bearing 10-25 flowers in a capitulum or occa-
sionally a glomerule; peduncle 8-25 x 0.5 mm, glabrous; pedicels c2 0.8 mm, glabrous.
Staminate flowers 1 x 1 mm, green, drying light green, sepals 4, cz 1.8 mm; valvate,
elliptic, glabrous, the subapical appendage ¢z 0.1 mm, corniculate, glabrous; stamens
4. Pistillate inflorescences 10-20 mm, bearing 20-50 flowers in a cyme or glomer-
ule; peduncle 8-18 x ¢z 0.5 mm, glabrous; pedicels ¢z 0.5 mm. Pistillate flowers ca
0.5 mm, sepals 3, subequal, cz 0.3 mm, valvate, triangular-ovate, glabrous, the subapi-
cal appendage ¢z 0.1 mm. Infructescences 15-20 mm; peduncle 15-18 mm; achenes
0.68-0.72 x 0.40-0.46 mm, ovoid, spinulose-verrucose, rarely smooth.

Distribution and habitat. Pilea danxiaensis L.EFu, A.K.Monro & Y.G.Wei is
known from a single locality in Renhua County, Shaoguan City, Guangdong, China,
where it grows in a ravine on the Danxia landform, a petrographic geomorphology
formed from Cretaceous sandstones and conglomerates.

Phenology. Flowering from March to May, fruiting from April to June.

Etymology. The species epithet is named after the Danxia landform with which
the species is associated.

Vernacular name. din xid léng shui hua (Chinese pronunciation); 7 # 7K4E
(Chinese name).

Conservation status. At present, Pilea danxiaensis is known from a single locality, the
Danxiashan National Park. The park covers 140 km? and the massif from which the type
collection was made encompasses ¢z 114 km? (Google Earth Pro). Within that locality, the
population of P danxiaensis is estimated to number between 1,000 and 5,000 individuals
distributed between 10 sub-populations, of which only one has been directly observed.
A remote survey of the Danxiashan National Park using Google Earth Pro, suggests that
the protected area itself is well protected and we observed no active threat or continuing
decline in population size. Pilea danxiaensis is therefore classified as Least Concern (LC).

Additional specimen examined. China. Guangdong: Danxiashan National Ge-
opark, Renhua County, Shaoguan City, 25.004°N, 113.655°E (WGS84), elev. 466 m,
20 April 2018, Fan Qiang and Huang Yan-Shuang 16993 (IBK, SYS).
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Figure 3. Plate of Pilea danxiaensis A habitat B habit C leaves and inflorescence D stipules E staminate
inflorescence F pistillate inflorescence G staminate flower H pistillate flower I achene with pistillate sepals
J LM of achene K SEM of achene.
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Discussion

Fu et al. (2022) proposed a new infrageneric classification based on molecular and
morphological evidence that suggested the leaf margin, stipule length, inflorescence
architecture, flower sepal-number and achene ornamentation can be reliably used to
place taxa into sections. Our research demonstrates that Pilea danxiaensis sits within
clade C8a (Fig. 2) corresponding to P sect. Pilea. Section Pilea is the most species-rich
section in Pilea and has its center of species-richness in the neotropics from where sev-
eral new species have been described in recent years (Monro 2006; Cabral et al. 2020;
Beutelspacher and Garcia-Martinez 2021). The morphology of Pilea danxiaensis, and
specifically the 3-parted female flowers, 4-parted male flowers, short stipules (<10 mm)
and un-ornamented achenes, are congruent with it belonging to this section. SEM
results indicate the achene length of P danxiaensis to be 0.68-0.72 mm (< 0.8 mm),
further supporting the inclusion of this species in P sect. Pilea, and of a shift to smaller
fruits as more lineages have formed (Fu et al. 2022).

Within Pilea sect. Pilea, the new species is most morphologically similar to
P sinocrassifolia and R peploides from which it is distinguished in Table 4.

Table 4. Diagnostic comparison of Pilea danxiaensis, P sinocrassifolia and P. peploides.

Characters P, danxiaensis P sinocrassifolia P, peploides
Stipule shape and length reniform, 1.3—1.5 mm triangular, cz 1 mm triangular, ¢z 0.5 mm
Petiole length 2-8 mm 0.2-0.6 mm 3-20 mm
Staminate peduncle length 8-25 mm 1.5-7 mm 2-5 mm
Pistillate tepal number 3 NA 2
Conclusions

This study describes a new species of Pilea based on morphological and molecular
evidence. Our results support the new infrageneric classification proposed by Fu et
al. (2022). The reported plastid genome provides informative data to support further
studies on the systematics, evolution, and conservation of the genus.
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